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{Document name} Description 

{Title of Invention} PORPHYRIN COMPOUND CONTAINING BIOTINYL GROUP 
AND USE THEREOF 

5 {Claims} 

{Claim 1 } A porphyrin compound containing a biotinyl group represented by Formula 
(I): 

Por-A-Bi 

wherein Por represents a porphyrin residue optionally forming a metal complex; Bi 
10 represents an optionally substituted biotinyl group; and A represents a C1-C30 hydrocarbyl 
group, or a C1-C30 heterohydrocarbyl group having 1-10 heteroatoms selected from a group 
consisting of oxygen, sulfur, and nitrogen. 

{Claim 2} The compound according to claim 1, wherein Por is a porphyrin residue that 

has formed a metal complex selected from a group consisting of heme a, heme b, heme c, 
1 5 variant heme c, heme d, heme dl, siroheme, and heme o. 

{Claim 3} The compound according to claim 1 or 2, wherein the Por is a heme b residue. 

{Claim 4} The compound according to claim 1, wherein the Por is a porphyrin residue 

selected from a group consisting of uroporphjrin-I, uroporphyrin-II, coproporphyrin-III, 

protoporphyrin-IX, and hematoporphyrin-IX. 
20 {Claim 5} The compound according to any of claims 1 to 4, wherein the Bi is a biotinyl 

group. 

{Claim 6} The compound according to any of claims 1 to 5, wherein the A is a straight 
chain or branched alkylene group of 1-20 carbon atoms, and one or more than one of the non- 
adjacent CH2 groups of the alkylene group is optionally substituted by -NH-, -NH-NH-, 
25 -NHCO-, -CONH-, -N(Ci.3 alkyl)-, -O- -S-, -CO-, -0-C0-, -S-CO-, -0-C00-, 
-CO-S-, -C0-0-, -CH(halogen)-, -CH(CN)-, -CH=CH-, -NH-NH-CO- or 
-CO-NH-NH-. 

{Claim 7} The compound of any of claims 1 to 6, wherein the A is selected from a group 

consisting of 
30 -NH-NH", 

-NH-NH-CO-(CH2)n-NH-, 

-NH-NH~CO-(CH2)n-NH-CO-(CH2)n-NH-, 

-NH~(CH2)n-NH-, 

-NH-NH-CO-(CH2)n-NH-, 
35 -NH-NH-CO-(CH2)n-CO-NH-NH-, 
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-NH-(CH2)n-CO-NH-NH-, and 

-NH(CH2)n-CO-NH-(CH2)n-CO-NH~NH- 

in these formulae each n independently represents 1-10. 

{Claim 8} A method for preparing the porphyrin compound containing a biotinyl group 
5 according to claim 1, comprising reacting a porphyrin optionally forming a metal complex 
with a compound containing a terminally aminated biotinyl group in the presence of a 
coupling agent. 

{Claim 9} A hemoprotein purification method, comprising a step of performing affinity 
chromatography using the compound according to claim 1. 
10 {Claim 10} A hemoprotein purification kit, comprising the compound according to claim 
1 and carrier beads with an avidin compound bonded thereto. 

{Claim 11} A hemoprotein labeling compound that is the compound according to claim 1. 
{Claim 12} A method for detecting hemoprotein using the labeling compound according 
to claim 1 1 . 

15 {Claim 13} A diagnostic agent for hemoprotein-associated diseases, comprising the 
labeling compound according to claim 1 1 . 

{Claim 14} A therapeutic drug for photodynamic therapy, comprising the compound 
according to claim 4. 

20 {Detail Description} 
{0001} 

{Technical Field} 

The present invention relates to a porphyrin compound containing a biotinyl group, 
and more particularly, it relates to a porphyrin compound containing a biotinyl group that can 

25 purify small amounts of hemoprotein in the living body rapidly and simply. The present 
invention also relates to a purification method for hemoprotein and apparatus therefor 
utilizing such a porphyrin compound containing a biotinyl group; a labeling reagent for 
hemoprotein; a method for the detection of hemoprotein and a diagnostic agent for 
hemoprotein-associated diseases utilizing that reagent; and a therapeutic drug for 

30 photodynamic therapy that contains the above porphyrin compound containing a biotinyl 
group. 

{0002} 

{Background Art} 

35 Iron protoporphyrin IX, which is called "protoheme" or simply "heme," performs 
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various roles as an active center for a plurality of proteins such as an enzyme and oxygen 
carrier, and also a biosensor (see A. Messerschmidt, R. Huber, T. Poulos, and K. Wieghardt 
(Eds), Handbook of Metalloproteins Vol. 1, John Wiley & Sons, New York, 2001, etc.). 
Therefore, detecting and isolating hemoprotein are important for research on these 
5 physiological functions. 
{0003} 

In prior art hemin agarose has been used for the purification of hemoprotein as a 
carrier in affinity chromatography (Tsutsui & Mueller, Analytical Biochemistry 121, 244-250, 
1982: non-patent document 1). However, a problem that cannot be ignored in this prior art 

10 method is the non-specific binding between proteins and the agarose that binds to the hemin. 
Moreover, because of the large particle size of agarose, its protein binding capacity per 
volume is small, and the spectroscopic detection of its specific binding with the hemoprotein 
is extremely difficult. In addition, hemin agarose has a shortcoming because it cannot be used 
for the labeling of hemoprotein. 

15 On the other hand, photodynamic therapy (PDT) for treating diseases such as 

malignant tumors and rheumatoid arthritis has recently been developed in which a 
photoactive compound such as a porphyrin is administered to the patient and the treatment 
site is irradiated with light to activate the porphyrin (Japanese Patent Application Laid-open 
No. HI 0-508577: patent document 1). However, therapeutic drugs for PDT that can 

20 efficiently supply the photoactive compound to the treatment site have still not been 
discovered. 
{0004} 

{Patent Literature 1 } 

Japanese Patent Application Laid-open No. HI 0-508577 
25 {Non Patent Literature 1 } 

Tsutsui & Mueller, Analytical Biochemistry 121, 244-250, 1982 
{0005} 

{Technical Problem} 

Because of these circumstances, it would be desireble if there were provided a 
30 hemoprotein purification method that can perform the purification of hemoprotein simply and 
rapidly. It would also be desireble if there were provided a reagent that can label these 
proteins to investigate the behavior of hemoproteins (or hemoprotein metabolizing enzymes) 
in the living body. Further, it would be desireble if there were provided a therapeutic drug for 
more efficient photodynamic therapy. 
35 {0006} 

{Solution of Problem} 
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The present invention was created to solve the aforementioned prior art problems. The 
first embodiment of the present invention provides a porphyrin compound containing a 
biotinyl group represented by Formula (I): 

Por-A-Bi 

5 wherein Por represents a porphyrin residue optionally forming a metal complex; Bi 
represents an optionally substituted biotinyl group; and A represents a C1-C30 hydrocarbyl 
group, or a C1-C30 heterohydrocarbyl group having 1-10 heteroatoms selected fi-om a group 
consisting of oxygen, sulfur, and nitrogen. Preferably, the Por is a porphyrin (heme) residue 
that has formed a metal complex selected from a group consisting of iron-porphyrin 

10 derivatives such as heme a, heme b (protoheme IX), heme c, varieint heme c, heme d, heme 
dl, siroheme (Sirohaem), and heme o. More preferably, the Por is a heme b residue. Further, 
in another preferred embodiment the Por is a porphyrin residue selected from a group 
consisting of uroporphyrin-I, uroporphyrin-II, coproporphyrin-III, protoporphyrin-IX, and 
hematoporphyrin-IX. Preferably, the Bi is a biotinyl group. 

15 {0007} 

Preferably, in the present invention the A is a straight chain or branched alkylene 
group of 1-20 carbon atoms, and one or more than one of the non-adjacent CH2 groups of the 
alkylene group is optionally substituted by -NH-, -NH-NH-, -NHCO-, -CONH-, -N(Ci.3 
alkyl)-, -CO-, -0-C0-, -S-CO-, -0-C00-, -CO-S-, -C0-0-, 

20 -CH(halogen)-, -CH(CN)-, -CH=CH-, -NH-NH-CO- or -CO-NH-NH-. 
{0008} 

More preferably, in the present invention the A is selected from a group consisting of 
-NH-NH-, 

-NH-NH-CO-(CH2)n-NH-, 
25 -NH-NH-CO-(CH2)n-NH-CO-(CH2)n-NH-, 

-NH-(CH2)n-NH-, 

-NH-NH-CO-(CH2)n-NH-, 

-NH-NH-CO-(CH2)n-CO-NH-NH-, 

-NH-(CH2)n-CO-NH-NH-, and 
30 -NH(CH2)n-CO-NH-(CH2)n-CO-NH-NH- 

in these formulae each n independently represents 1-10, and preferably 3-7. 

{0009} 

The second embodiment of the present invention provides a method for preparing the 
porphyrin compound containing a biotinyl group of Formula (I) above comprising a method 
35 for preparing a heme compound containing a biotinyl group that includes reacting a 
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porphyrin optionally forming a metal complex with a compound containing a terminally 
aminated biotinyl group in the presence of a coupling agent. 

The third embodiment of the present invention provides a hemoprotein purification 
method comprising a step of performing affinity chromatography using the compound 
5 containing a biotinyl group of Formula (I) above. 

The fourth embodiment of the present invention provides a hemoprotein purification 
kit comprising the compound of Formula (1) above and carrier beads with an avidin 
compound bonded thereto. 

The fifth embodiment of the present invention provides a hemoprotein labeling 
10 compound wherein a labeling substance is bound to the compound containing a biotinyl 
group of Formula (I) above. 

The sixth embodiment of the present invention provides a method for detecting 
hemoprotein using the above labeling compound. 

The seventh embodiment of the present invention provides a diagnostic agent for 
1 5 hemoprotein-associated diseases comprising the above labeling compound. 

Finally, the eighth embodiment of the present invention provides a therapeutic drug 
for photodynamic therapy comprising a compound wherein For in Formula (I) is a porphyrin 
residue. 
{0010} 

20 The present invention relates to a compound wherein biotin, which is widely used for 

labeling and isolating biological polymers because of its high affinity with streptavidin, is 
bound to heme, which serves as a prosthetic group in many proteins. By using this molecule, 
the labeling of hemoprotein in the living body, isolation, and purification of small amounts 
thereof can each be performed rapidly in a single step. Because the porphyrin compound 

25 containing a biotin group of the present invention can be bound to various avidin derivatives 
after it alone binds to the protein, the problems associated with the aforementioned prior art 
method that uses hemin agarose can be solved. 
{0011} 

In this description the term "porphyrin" refers to a cyclic tetrapyrrole that is a porphin 
30 derivative in which four pyrrole groups linked toghether to form a ring closure by four 
methine groups; these include, for example, uroporphyrin-!, uroporphyrin-III, 
coproporphyrin-III, protoporphyrin-IX, and hematoporphyrin-IX, etc. Heme is noted as a 
most suitable porphyrin that forms a metal complex, 
{0012} 

35 In the present description the term "heme" refers to a coordination compound of 
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porphyrins (or derivative thereof) and mainly bivalent or trivalent iron, and it is also called 
iron porphyrin and hematin. In the present invention no particular restriction is placed on the 
heme that is used and a natural heme, for example, heme a, heme b (protoheme IX), heme c, 
variant heme c, heme d, heme dl, siroheme (Sirohaem), and heme o can be used (see A. 
5 Messerschmidt, R. Huber, T. Poulos, and K. Wieghardt (Eds), Handbook of Metalloproteins 
Vol. 1, John Wiley & Sons, New York, 2001, etc.). 
{Chem. 1} 




Biotinyl heme 
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{0013} 



In the above formulae, X, Y, and Z each represent the moieties shown in the table below. 





X 


Y 


z 


Heme b 


-CH=CH2 


-CH=CH2 


-CH3 


Heme c 


-C(CH3)H-SR*' 


-C(CH3)H-SR"' 


-CH3 


Variant heme c 


-CH=CH2 


-C(CH3)H-SR'' 


-CH3 


Heme a 


-CH(OH) -CH2R' ' 


-CH=CH2 


-CHO 


Heme d 


Same as (B) 






Heme dl 


Same as (C) 






Siroheme 


Same as (D) 






Heme o 


-CH(OH) -CHzR^ ' 


-CH=CH2 


-CH3 



Note: SR^ = -CH2-C(NH-)H-CO-, R' " = -[CH2CH=C(CH3)CH2]3H 



{0014} 

5 Moreover, in the present invention "heme" is not restricted to the above natural hemes, 

and various well-known synthetic hemes can be used. For example, such synthetic hemes are 
described in David Dolphin ed.. The Porphyrins, Vol. 1-5, Academic Press, New York, 1978. 
{0015} 

In the present description the term "hemoprotein" refers to a protein that can bind to a 
10 heme such as that noted above (including hemoprotein metabolic enzymes), and it includes, 
for example, hemoglobin, myoglobin, cytochrome, peroxidase, and catalase, etc. 
{0016} 

In the present description the term "hydrocarbyl group" refers to an optionally 
saturated or unsaturated acyclic, or an optionally saturated or unsaturated cyclic, substituted 

15 or unsubstituted hydrocarbon, and if the hydrocarbon is acyclic, then it may be either straight 
chain or branched. Examples of C1-C20 hydrocarbons include, for example, a C1-C20 alkyl 
group, C2-C20 alkenyl group, C2-C20 alkynyl group, C1-C20 alkoxy group, C1-C20 acyl group, 
C4-C20 alkyl dienyl group, C4-C20 polyenyl group, Ce-Cig aryl group, C7-C20 alkylaryl group, 
C7-C20 arylalkyl group, C4-C20 cycloalkyl group, C4-C20 cycloalkenyl group, and (C3-C10 

20 cycloalkyl) Ci-Cio alkyl group etc. When the hydrocarbyl group is used as an spacer in the 
present invention, the term refers to a divalent group formed by the removal of one hydrogen 
atom from one of the aforementioned groups. 
{0017} 

In the present description the term "alkyl group" refers to an alkyl group that is either 
25 straight chain or branched, and includes, for example, a methyl, ethyl, propyl, n-butyl, tert- 
butyl, pentyl, and hexyl group, etc. Moreover, when the alkyl group is selected as A in the 
formula, in practice an alkylene group formed by the removal of one hydrogen atom from 
one of the aforementioned groups can be used as a spacer. Examples of the alkylene group 
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include a methylene, ethylene, propylene, butylene, pentylene group, and hexylene group, etc. 
{0018} 

In the present description the term "alkenyl group" refers to a straight chain or 
branched alkenyl group of 2-20 carbon atoms, preferably 2-10 carbon atoms, having 1 to 3 
5 double bonds; more specifically, it includes ethenyl, 1-propenyl, 2-propenyl, 1 -methyl 
ethenyl, 1-butenyl, 2-butenyl, 3-butenyl, 2-methyl-2-propenyl, 1-pentenyl, 2-pentenyl, 4- 
pentenyl, 3-methyl-2-butenyl, 1-hexenyl, 2-hexenyl, 1-heptenyl, 2-heptenyl, 1-octenyl, 2- 
octenyl, 1,3-octadienyl, 2-nonenyl, 1,3-nonadienyl, and 2-decenyl, etc. 
{0019} 

10 The term "aryl group" includes, for example, a phenyl group, naphthyl group such as 

1-naphthyl and 2-naphthyl, an indenyl group such as 2-indenyl, an anthryl group such as 2- 
anthryl, a tolyl group such as 2-tolyl, 3-tolyl and 4-tolyl, a biphenyl group, etc. 
{0020} 

In the present description the term "heterohydrocarbyl group" refers to one of the 
1 5 aforementioned hydrocarbyl groups that also contains at least one heteroatom selected fi-om a 
group consisting of nitrogen, oxygen, and sulfur, and it includes, for example, a C1-C20 
straight chain or branched alkylene group in which one or more than one of the non-adjacent 
CH2 groups is optionally substituted by -NH-, -NH-NH-, -NHCO-, -CONH-, -N(Ci.3 
alkyl)-, -S-, -CO-, -0-C0-, -S-CO-, -0-C00~, ~CO-S-, -C0-0-, 

20 -CH(halogen)-, -CH(CN), -CH=CH-, -NH-NH-CO- or -CO-NH-NH-. 
{0021} 

Examples of groups that can serve as a substituent of the hydrocarbon group, 
heterocyclic group, etc., include a halogen atom (for example, fluorine, chlorine, bromide, 
and iodine, etc.), nitro group, cyano group, optionally halogenated Ci-6 alkyl group, etc. 
25 {0022} 

In the present description, the term "biotinyl group" refers to any residue of biotin 
shown below, and in a narrow sense refers to a biotin residue shown below from which the 
hydroxyl group has been removed. 
{Chem. 2} 



HN NH 
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The biotin residue in the present invention may have any substituent provided it does 
not interfere with the purification, labeUng etc., of the hemoprotein. Examples of such a 
substituent include a halogen atom (for example, fluorine, chlorine, bromide, and iodine, etc.), 
nitro group, cyano group, optionally halogenated Ci.6 alkyl group, etc. 
5 {0023} 

{Description of Embodiments} 
(Preparing method) 

The porphyrin compound containing a biotinyl group of the present invention can be 
synthesized by the method show in scheme (1) below, for example. 
10 {0024} 

Scheme (1) 
{Chem. 3} 

Por'-COOH + H2N-A'-Bi 
(1) (2) 

carbodiimide 

V 

Por'-CO-NH-A'-Bi 
(3) 

15 wherein Por' represents a residue wherein one carboxyl group has been removed from a 
porphyrin optionally forming a metal complex; A* represents a spacer group; and Bi 
represents a biotinyl group. 
{0025} 

In scheme (1) above, compound 1 and a terminally aminated biotinyl compound 2 are 
20 reacted in the presence of a coupling agent such as a carbodimide, etc., to obtain the target 
porphyrin compound containing a biotinyl group 3. The terminally aminated biotinyl 
compound is preferably a hydrazidated biotinyl compound such as biotin hydrazide, 6- 
hydrazidohexyl-D-biotinamide, 6-(6-hydrazidohexyl) amidohexyl-D-biotinamide (which are 
well-known compounds on the market), etc. Preferably, this reaction is usually performed in 
25 the presence of a suitable solvent at O'^C-IOO^C, preferably 10*'C-40°C, and for 0.5-48 hours 
and preferably 1 -24 hours. 

Herein, when a metal complex (for example, a heme compound containing a biotinyl 
group) is obtained as a final product, the metal complex of the porphyrin (for example, heme) 
can be reacted with the terminally aminated biotinyl compound in the presence of a coupling 
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agent, or the porphyrin and the terminally aminated biotinyl compound may first be reacted 
in the presence of a coupling agent, followed by reaction with a metal (ion) to form the metal 
complex. 

In scheme (I), the porphyrin 1 was illustrated as a model having one carboxyl group, 
but in practice a porphyrin may have a plurality of carboxyl groups. For example, the target 
heme compound of the present invention is preferably one in which a single biotinyl group is 
bonded to a heme. Therefore, it is necessary to adjust the amount of starting material used 
according to the number of carboxyl groups that the heme in question has. For example, iron 
protoporphyrin IX has two carboxyl groups. Therefore, if iron protoporphyrin IX is used as 
porphyrin 1, when 2 or more equivalents, and preferably 2.5 or more equivalents, of 
porphyrin 1 are used with respect to the hydrazidated biotinyl compound 2, a compound is 
obtained wherein the biotinylated compoimd is bonded to only one carboxyl group of the iron 
protoporphyrin IX via the hydrazide group. 
{0026} 

For reference purposes to explain the mechanism of the above coupling reaction, 
scheme (2) shows an example wherein iron protoporphyrin IX and 6-hydrazidohexyl-D- 
biotinamide are reacted in the presence of a dicarboximide to obtain a porphyrin compound 
containing a biotinyl group. 
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{0027} 
Scheme (2) 
{Chem. 4} 




Biatinyl heme 

{0028} 

Examples of the coupling agent used in this reaction include the following: N,N'- 
dicyclohexyl carbodiimide (DCC), N -(3-dimethylaminopropyl)-N-ethyl carbodiimide (DIC), 
l-ethyl-3-(3-dimethylaminopropyl) carbodiimide, N-allyl-N'-(j8-hydroxyethyl) carbodiimide, 
N-(c^dimethylaminopropyl)-N*-(i8-bromo allyl) carbodiimide, l-(3-dimethylaminopropyl)-3- 
(6-benzoyl aminohexyl) carbodiimide, cyclohexyl-j8-(N-methyl morpholino) ethyl 
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carbodiimide, ethyl- 1 ,2-dihydro-2-ethoxy- 1 -quinolinecarboxylate (EEDQ), isobutyl- 1 ,2- 
dihydro-2-isobutoxy- 1 -quinolinecarboxylate (IIDQ), 1 -benzotriazolyloxy tris 
(dimethylamino)-phosphonium hexafluoro phosphate (HBTU), 0-{[cyano-(ethoxy carbonyl)- 
methylidene]-amino}-l ,1 ,3,3-tetramethyl uronium tetrafluoroborate (TOTU), propane 
5 phosphonic acid anhydride (PPA), 3-dimethylamino phosphinothioyl-2 (3H)-oxazolone 
(MPTO), etc. 
{0029} 

The suitable solvent used in this reaction is not restricted provided the reaction 
proceeds, and it includes the following examples: aromatic amines such as pyridine, lutidine, 

10 and quinoline; halogenated hydrocarbons such as dichloromethane, chloroform, 1,2- 
dichloroethane, and carbon tetrachloride; aliphatic hydrocarbons such as hexane, pentane, 
and cyclohexane; aromatic hydrocarbons such as benzene, toluene, xylene, and 
chlorobenzene; ethers such as diethyl ether, diisopropyl ether, diphenyl ether, tetrahydrofuran, 
dioxane, and 1 ,2-dimethoxyethane; amides such as N,N-dimethylformamide and N,N- 

15 dimethylacetamide; as well as mixtures of two or more of the above solvents. Especially 
preferred solvents in the above reaction are dimethyl formamide (DMF), dimethyl sulfoxide 
(DMSO), or a mixture thereof 
{0030} 

If a "base" is used in the aforementioned reaction, it may be selected from the 
20 following examples: a basic salt such as sodium carbonate, potassium carbonate, and cesium 
carbonate; an inorganic base such as sodium hydroxide and potassium hydroxide; an 
aromatic amine such as pyridine and lutidine; a tertiary amine such as triethyl amine, 
tripropyl amine, tributyl amine, cyclohexyl dimethylamine, 4-dimethyl aminopyridine, N,N- 
dimethyl aniline, N-methyl piperidine, N-methyl pyrrolidine, and N-methyl morpholine; an 
25 alkali metal hydride such as sodium hydride and potassium hydride; a metal amide such as 
sodium amide, lithium diisopropyl amide, and lithium hexamethyl disileizide; and a metal 
alkoxide such as sodium methoxide, sodium ethoxide, and potassium tert-butoxide. 
{0031} 

Isolation and purification of the end product obtained by the above reaction from the 
30 reaction mixture can be performed according to well-known means such as concentration, 
solvent extraction, fractional distillation, crystallization, recrystallization, and 
chromatography, etc. 
{0032} 

For example, the above compound containing a terminally aminated biotinyl group 2 
35 can be synthesized by the reaction shown in scheme (3) below. 



{0033} 
Scheme 3 



{Chem, 5} 



HN 




OH 



NH2-A'-NHNH2 
(5) 



carbodiimide 



HN 




NH-A'-NH-NH2 



(2') 



{0034} 



In scheme (3) above, the terminally aminated biotin compound 2* can be obtained by 
reacting biotin 4 and a hydrazide compound 5 in the presence of a coupling agent such as a 
carbodiimide, etc. In place of the hydrazide compound 5, it is possible to use a dihydrazide 
compound represented by the formula NH2-NH-CO-A -CO~NH-NH2 or a diamine 
compound represented by the formula NH2-A -NH2 (wherein A' represents a C1-C30 
hydrocarbyl group or a C1-C30 heterocarbyl group having 1-6 heteroatoms selected from a 
group consisting of oxygen, sulfur and nitrogen). These reactions can be performed under the 
same reaction conditions as the coupling reaction of scheme (1). 



In this manner it is possible to synthesize a compound in which both ends of the 
spacer group A in the formula Por-A-Bi are amino groups. Compounds in which the spacer 
group A is another group can be synthesized by ordinary persons skilled in the art using 
publicly known organic synthesis methods (see Bayer et al.. Methods Biochem. Anal. 26 
(1980), 1-45). 

{0036} 

(hemoprotein purification method) 

The purification of the hemoprotein present in the samples is performed by using 
affinity chromatography with the above porphyrin compound containing a biotinyl group. As 



{0035} 
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used herein, the term "affinity chromatography" refers to a method for isolating or purifying a 
target substance contained in a sample (for example, a body fluid sample such as serum, 
plasma, etc., or a culture supernatant, supematant obtained by centrifugation, etc.) by 
utilizing the interactions (affinity) between specific substances such £is antigen-antibody, 
5 enzyme-substrate, and ligand-receptor interactions. In the purification method of the present 
invention, isolation or purification of a heme-binding protein contained in the sample is 
performed by utilizing the specific affinity between the above porphyrin compound 
containing a biotinyl group and hemoprotein and the specific affinity of the biotinyl group 
and an avidin compound. The porphyrin compound of the present invention can purify 
10 hemoprotein present in a sample in a variety of embodiments using publicly known affinity 
chromatography techniques. For example, hemoprotein can be purified by a hemoprotein 
purification kit that contains the porphyrin compound of the present invention and carrier 
beads with an avidin compound bonded thereto. 
{0037} 

15 In accordance with a preferred embodiment of the present invention, first the above 

porphyrin compound containing a biotinyl group is added to a sample containing the target 
hemoprotein, enabling the porphyrin compound to bind to the target hemoprotein. Next, an 
entity wherein an avidin compound such as avidin, etc., is bound to a carrier such as beads, 
etc., (hereinafter called "avidin beads") is added to the compound wherein the target 

20 hemoprotein is bound to the porphyrin compound (hereinafter called the "hemoprotein- 
porphyrin complex"), and utilizing avidin-biotin binding, the hemoprotein-porphyrin 
complex is bound to the avidin beads. Thus, the hemoprotein-porphyrin complex that is 
bound to the avidin beads can be recovered by publicly known means, and the target protein 
can be isolated and recovered by preparing a suspension in a solution containing a compound 

25 having the action of separating heme from protein such as imidazole, acid, guanidine 
hydrochloride or another denaturing agent, etc. The present invention places no particular 
restriction on the above carrier provided it is a carrier to which an avidin compound bonded 
thereto. For example, streptavidin magnetic beads, streptavidin agarose, etc., which are 
commercially available fi-om Vector Laboratories and Pierce Biotechnology Inc. can be used. 

30 Moreover, using magnetized beads has the advantage that the collection can be performed 
more easily by magnet, 
{0038} 

(Hemoprotein labeling compound and applications thereof) 

The porphyrin compound containing a biotinyl group that was obtained in the above 
35 manner can be used as a labeling compound for hemoprotein either alone or by bonding a 



labeling substance thereto. In this description, the term "labeling substance" means a 
substance used to facilitate detection of the presence thereofby physically or chemically 
bonding to the porphyrin compound containing a biotinyl group. More specifically, this term 
includes fluorescent substances such as fluorescein isothiocyanate, phycobiliprotein, a rare 
5 earth metal chelate, dansyl chloride or tetramethylrhodamine isothiocyanate bonded to an 
avidin compound such as avidin, streptavidin, etc.; or a radioactive isotope such as ^H, ^'^C, 
'^^I or '^'l, etc. Among these possibilities, avidin compounds are most convenient because 
they are easy to obtain, and they can simply label the porphyrin compound containing a 
biotinyl group by utilizing avidin-biotin specific binding. 

10 Hemoprotein contained in a sample (for example, a body fluid sample such as serum, 

plasma, etc., a culture supematant or supematant obtained by centrifugation) can be detected 
and quantified by publicly known technology using this kind of labeling compound or a 
diagnostic agent containing this compound. Moreover, the in vivo behavior, etc., of 
hemoprotein can be observed by using such a labeling compound. The diagnostic agent can 

1 5 be prepared in the form of a solution wherein the above compound is stably stored. It can be 
diagnosed whether a patient has a disease in which a specific hemoprotein is involved by 
comparing the detected amount of that specific hemoprotein present in the sample with the 
range of normal values. Heme oxygenase deficiency and leukemia involving a heme- 
associated transcription factor called Bach are known as such hemoprotein associated 

20 diseases. Moreover, the detection of human hemoglobin in feces caused by bleeding of the 
gastrointestinal organs (occult blood in stool) has been widely used as a method of testing for 
diseases of the digestive system such as colon cancer in recent years, and the diagnostic 
method of the present invention can be used to diagnose such a colon cancer. 
{0039} 

25 (Therapeutic drug for photodynamic therapy (PDT)) 

The porphyrin compound containing a biotinyl group of the present invention can be 
used as a therapeutic drug for PDT. When this porphyrin compound (active ingredient) is 
used as a therapeutic drug for PDT, it is mixed with a pharmacologically acceptable carrier, 
excipient, and diluent, etc., and usually administered in the form of an injection. 

30 The active ingredient in the pharmaceutical preparation will be included, for example, 

in 0.1 to 30 wt%, preferably 1 to 5 wt%. The dose of this therapeutic drug will differ 
depending on the symptoms, age, weight, etc., of the patient but, for example, the daily 
amount of the active ingredient administered should be 0.05 mg to 30 mg, preferably 0.05 mg 
to 5 mg, and more preferably 0.05 mg to 1 mg per 1 kg of body weight of the patient. The 

35 content of the active ingredient and the dose are not limited to the above range, and are to be 
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properly adjusted according to the type of active ingredient, carrier, excipient, diluent, etc., to 
be used. When PDT treatment is performed, preferably the diseased tissue where the tumor 
exists will be labeled with avidin before administration of treatment. Such avidin labeling can 
be performed by using an antibody to the protein (a tumor marker, etc.) expressed 
5 specifically by the tumor cells. Then the injection containing the above active ingredient is 
administered to the diseased tissue. Thus, because of the high affinity between biotin and 
avidin, the necessary porphyrin compound can be efficiently delivered in a site specific 
manner to the diseased tissue. Subsequently, the diseased tissue is irradiated with light, and 
the lesion can be destroyed by activation of the porphyrin. The irradiating light has a suitable 

10 wave-length (for example, 600-790 nm) and intensity (for example, 1-50 J/cm ) for activating 
the porphyrin. The irradiation of light is performed, for example for 1 minute to 2 hours, 
preferably 10 to 600 minutes. If necessary, the irradiation of light can be performed by using 
an optical fiber, etc., inserted in a catheter. 
{0040} 

15 {Examples} 

The present invention is explained more specifically below based on examples. 

{0041} 

Example 1 : Synthesis of porphyrin compound containing a biotinyl group 

Iron protoporphyrin IX chloride (hemin) used as an experimental material was 
20 purchased from Sigma. The 6-hydrazidohexyl-D-biotinamide used was purchased fi-om 
Vector Laboratories. 

First of all, hemin and 6-hydrazidohexyl-D-biotinamide were dissolved in dehydrate 
DMF and DMSO at 6.7 mM and 2.7 mM, respectively, 20 \xL of the biotin hydrazide solution 
and 5.6 mg of dicyclohexyl carbodiimide (DCC) were added to 1 mL of hemin solution. The 
25 reaction mixture was gently shaken and incubated in the dark at room temperature for 3 hours. 
In order to conjugate only one of the two propionate groups of protoheme with the biotin 
hydrazide, approximately 2.5 equivalent excess amounts of hemin were used for the reaction. 
{0042} 

The reaction mixture made as above was supplement with approximately 5% (v/v) 
30 pyridine and was applied onto a Cig reverse-phase preparative HPLC column COSMOSIL 
5Ci8-ARII (Nacalai Tesque). The porphyrin compound containing a biotinyl group (hereafter, 
referred to as "biotinyl heme") was eluted with a gradient of 40-60% acetonitrile in the 
presence of 0.1% TEA. The peak fraction containing the biotinyl heme was collected and 
immediately lyophilized in the dark. The sample was dissolved in the minimal volume of 
35 DMSO and stored at -80°C. The purity of the sample was examined using Cis reverse-phase 
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analytical HPLC column (COSMOSIL 5Ci8-AR300, Nacalai Tesque). Identity of the purified 
molecule was verified by laser-desorption mass spectrometry (MALDI/TOFMS). Figure 1 
shows the result of mass spectrometry. 
{0043} 

5 This analysis indicated that the obtained compound had the mass of around 969.4 Da. 

This corresponds to the calculated mass of the biotinyl heme (969,98Da) in which one of the 
two propionate groups of the protoheme was conjugated with the biotin hydrazide. Therefore, 
the obtained compound was confirmed to be the biotinyl heme, which is the final compound 
shown in scheme (2) above. 
10 {0044} 

Example 2: Purification of heme protein using the biotinyl heme 

Artificial genes encoding sperm whale myoglobin (Springer et al,, Proc. Natl, Acad. 
Sci. USA 84 (1987), 8961-8965), designed globin-1 (DGl) (Isogai et al., Biochemistry 39 
(2999), 5683-5690), and designed four-helix bundle hemoprotein (dAl) were cloned into a 

15 pRSET-C vector (Invitrogen). The amino acid sequence of dAl, (SEQ ID NO: 1, ML» 
KKLREEA • LKLLEEF • KKLLEEH • LKWLEGGGGGGGGELLKL • HEELLKK • 
FEELLKL • AEERLKK • L) was designed to form a four-helix bundle in the dimer and to bind 
one heme per monomer via bis-histidine ligation between the two helices according to the 
method of Gibney et al. [(Gibney et al., Biochemistry 37 (1988), 4635-4643). A synthetic 

20 gene encoding sperm whale myoglobin cloned into pUC19 vector (Springer et al., Proc. Natl. 
Acad. Sci. USA 84 (1987), 8961-8965) was also used to obtain a cell extract containing the 
native myoglobin. These hemoprotein-coding vectors were transformed into E. coli strain 
BL21 (DE3). For expression, Terrific Broth (liquid culture medium) supplemented with 
1 00 mg/L ampicillin was grown under control of a T7 promoter using IPTG. Cells were 

25 harvested by centrifugation and were washed with lOmM TRIS-HCl, pH 8.0 and 1 mM 
EDTA. The resultant pellets were suspended in a lysis buffer containing 6 M urea, 0.5 M 
NaCl, 1 mM EDTA and 0.1% ODP (octyl glucopyranoside) and were lysed by sonication. 
After removal of the insoluble fi-action by centrifugation, the supernatant was collected and 
dialyzed with TN buffer. During these procedures, almost all heme associated with proteins 

30 in the cell extracts was removed and the proteins were refolded. After the insoluble fraction 
was removed by centrifiigation, those proteins were concentrated to a suitable concentration 
using Centriprep-10 (Amicon). A cell extract obtained in the above manner was used as a 
starting material for the purification of a recombinant apohemoprotein using a biotinyl heme. 
{0045} 

35 The biotinyl heme was added to the cell extracts obtained as mentioned above in 



small increments to finally 10 to 40 [iM, and was incubated at 4^C for more than 30 minutes. 

Figure 2 shows the changes in the UV-Vis absorption spectra when biotinyl heme was 
added to the cell extract containing the artificial hemoprotein dAl. In Figure 2, the lowest 
spectrum shows absorbance without the addition of biotinyl heme, and it is clear that the 
5 heme-bound dAl concentration increases fi-om bottom to top with the stepwise addition of 
biotinyl heme. The vertical axis shows the absorbance. 
{0046} 

Next, after the removal of insoluble materials by centrifugation, the solutions were 
transferred to a sample tube containing streptavidin agarose (Sigma) or streptavidin magnetic 

10 beads (Pierce) pre- washed with a washing buffer containing 20 mM TRIS-HCl (pH 8.0), 
500 mM NaCl, and 0.5% (v/v) Tween 20. The resultant protein-biotin-heme-streptavidin 
complexes were collected by centrifugation for the agarose complex or by using magnet for 
the magnetic bead complex. The pellets were washed twice with the washing buffer and 
incubated with 10 M imidazol (pH 8.0) to elute the bound proteins. The solution was desalted 

15 and lyophilized after removal of the agarose or magnetic beads. The lyophilized samples 
were dissolved in a small amount of TN buffer and were analyzed by SDS-PAGE with 15% 
(w/v) polyacryl amide gel. Figure 3 shows the SDS-PAGE electropherogram of the 
hemoprotein purified by the biotinyl heme. In Figure 3, lane 1 is the molecular size marker 
(fi-om the top, 94, 67, 43, 30, 20.1, and 14.4 kDa); lanes 2 and 3 are the cell extract and the 

20 purified firaction of the recombinant myoglobin, respectively; lanes 4 and 5 are the cell 
extract and the purified fraction of dAl, respectively; and lanes 6 and 7 are the cell extract 
and the purified fi*action of DGl, respectively. 

As shown above, we have prepared three samples containing sperm whale myoglobin, 
designed globin-1 (DGl), and the designed four-helix bundle heme protein (dAl), Addition 

25 of the biotinyl heme into the cell extracts induced the intense Soret absorption bands 
characteristic of the bound heme in these proteins, indicating that it was effectively 
incorporated into the protein even in the dense mixture of biological molecules. From these 
mixtures, the reconstituted hemoproteins were easily collected by streptavidin magnetic 
beads without significant contamination of other proteins (see Fig. 3). 

30 {0047} 

Comparative example 1 

After washing the magnetic beads in buffer, instead of adding the imidazole and 
eluting the apohemoprotein, the same protein was eluted by a process wherein an acid or a 
denaturing agent such as guanidine hydrochloride was added. In that instance, however, 

35 denatured streptavidin subunits that do not bind to the biotinyl heme nor to the beads coeluted 
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with the hemoprotein. The protein was also purified using streptavidin agarose. However, the 
use of the agarose increased the contamination due to non-specific interactions of protein 
with agarose. 

In conclusion, it is clear that the biotinyl heme is a usefiil reagent to detection and 
5 purification of native and artificial heme protein. As described above, preparation of the 
biotinyl heme is simple and its specific ligation with native and artificial hemoproteins c£in be 
easily monitored with UV-Vis absorption spectroscopy. 
{0048} 

Exeimple 3: Bonding of biotinyl heme to mvoglobin(labeling) 

10 Apomyoglobin was prepared fi-om horse heart metmyoglobin using the methyl ethyl 

ketone extraction method described by Ascoli et al, (F, Ascoli, M.R. Fanelli, E. Antonini, 
Preparation and properties of apohemoglobin and reconstituted hemoglobins. Methods 
Enzymol. 76 (1981), 72-87). The heme-removed apoprotein was dialyzed against TN buffer 
containing lOmM TRIS-HCl (pH 8.0) and 200 mM NaCl at 4°C. After removal of the 

1 5 insoluble fi-action by centrifiigation, the supernatant was concentrated to 1 to 2 mM with 
Centriprep 10 (Ami con). Reconstitution of myoglobin with the biotinyl heme was performed 
by addition of the biotin-heme solution into the apomyoglobin solution in increments of 0. 1 
to 0.2 equivalents to a small excess of the protein. This mixture was incubated for more than 
30 minutes at 4°C and was centrifuged at 20,000xg for 30 minutes. The reconstituted biotin- 

20 heme myoglobin was collected in the supernatant and preserved significant stability similar 
to that of natural metmyoglobin as judged by measurements of the UV-Vis absorption 
spectrum. 
{0049} 

The reconstituted myoglobin with the biotinyl heme was diluted with TN buffer to 10 
25 to 20 |LiM and the UV-Vis absorption spectra were recorded with a Hitachi U-3000 
spectrophotometer using a quartz cuvette of 1.0 cm in path length. The ferric, ferrous deoxy 
and ferrous CO-bond forms were prepared for the spectroscopic measurements according to 
the above reference by Ascoli et al. 

Figure 4 shows the UV-Vis absorption spectra of myoglobin reconstituted with the 
30 biotinyl heme with the ferric (solid line), ferrous deoxy (broken line) and ferrous CO-bond 
forms (dotted line). These spectra were indistinguishable firom those of native myoglobin. In 
addition, it was confirmed that the biotin-hem bound myoglobin preserved stable 02-binding 
ability. These results suggest that the biotinyl heme is incorporated in the heme pocket of 
myoglobin in the manner similar to normal protoheme in myoglobin. 
35 {0050} 
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{Effects of Invention} 

As described above, according to the present invention, the present invention can 
provide a heme compound containing a biotinyl group that enables the rapid and simple 
purification of small amounts of hemoprotein in the living body. In addition, the present 
5 invention can provide a method for the simple purification of hemoprotein using this kind of 
heme compound containing a biotinyl group. Furthermore, the present invention can provide 
a hemoprotein labeling reagent and a diagnostic agent for hemoprotein associated diseases 
that uses that reagent. Moreover, the present invention can provide a novel therapeutic drug 
for use with photodynamic therapy. 
10 {0051} 

{Sequence Listing} 

SEQUENCE LISTING 



<110> RIKEN 

15 

<120> Biothinyl group- containing porphyrin compound and its use 



<130> P03-0029 

20 <140> 
<141> 

<160> 1 

25 <170> PatentIn Ver. 2.1 

<210> 1 
<211> 63 
<212> PRT 
30 <213> Artificial Sequence 

<220> 

<223> Description of Artificial Sequence: Synthetic peptide 
35 <400> 1 
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Met Leu Lys Lys Leu Arg Glu Glu Ala Leu Lys Leu Leu Glu Glu Phe 
15 10 15 

Lys Lys Leu Leu Glu Glu His Leu Lys Trp Leu Glu Gly Gly Gly Gly 
5 20 25 30 

Gly Gly Gly Gly Glu Leu Leu Lys Leu His Glu Glu Leu Leu Lys Lys 
35 40 45 

10 Phe Glu Glu Leu Leu Lys Leu Ala Glu Glu Arg Leu Lys Lys Leu 
50 55 60 

{Brief Description of Drawings} 

{Fig. 1} Figure 1 shows the results of mass spectrography of the heme compound 
1 5 containing a biotinyl group that was obtained in Example 1 ; 

{Fig. 2} Figure 2 shows the change in the ultraviolet- visible light (UV-Vis) absorption 

spectrum when the biotinyl heme was added to a cell extract containing the artificial heme 
protein dAl in Example 2; 

{Fig. 3} Figure 3 shows the electropherogram by SDS-PAGE of hemoprotein purified 
20 by the biotinyl heme in Example 2; and 

{Fig. 4} Figure 4 shows UV-Vis absorption spectrum of myoglobin reconstituted with 

the biotinyl heme in Example 3. 
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{Document name} Drawings 
{Fig. 1} 
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{Fig. 3} 




Wavelength, nm 



{Document name} Abstract 
{Abstract} 

{Problem} The present invention provides a porphyrin compound containing a biotinyl 
group that can purify small amounts of hemoprotein in the living body rapidly and simply; a 
5 purification method for hemoprotein utilizing such a porphyrin compound containing a 
biotinyl group; a labeling reagent for hemoprotein; a diagnostic agent for hemoprotein- 
associated diseases utilizing that reagent; and a therapeutic drug for photodynamic therapy. 
{Means for solving the problems} The present invention provides a porphyrin compound containing 
a biotinyl group represented by Formula (I): 
10 Por-A-Bi 

wherein Por represents a porphyrin residue optionally forming a metal complex; Bi 
represents an optionally substituted biotinyl group; and A represents a C1-C20 hydrocarbyl 
group, or a heterohydrocarbyl group having 1-5 heteroatoms selected from a group consisting 
of oxygen, sulfur, and nitrogen, and having 1-20 atoms in total; a method for purifying 
15 hemoprotein which use the porphyrin compound; a hemoprotein labeling reagent; a 
diagnostic agent for hemoprotein associated diseases which use the porphyrin compound; and 
a therapeutic agent for photodynamic therapy. 
{Selected Fig.} None 



25 



? t 1/5/all 



1/5/1 (Item 1 from file: 351) Links 
Fulltext available through: Order File History 
Denvent WPI 

(c) 2009 Thomson Reuters. All rights reserved. 
0008504263 

WPI Acc no: 1998-034980/199804 
Related WPI Acc No: 2000-071652 
XRAM Acc no: C1998-011893 
XRPX Acc No: N 1998-028069 

Use of proto-porphyrin compounds - as labels or light output enhancers in entity quantification procedures 

Patent Assignee: PACKARD INSTR BV (PACB) 
Inventor: CHRIS R; ROELANT C 



Patent Family ( 3 patents, 20 & countries ) 



Patent Number 


Kind 


Date 


Application Number 


Kind 


Date 


Update 


Type 


EP 812920 


Al 


19971217 


EP 1996201674 


A 


19960614 


199804 


B 


JP 11160313 


A 


19990618 


JP 1997298608 


A 


19971030 


199935 


NCE 


US 5998128 


A 


19991207 


US 1997876093 


A 


19970613 


200004 


E 



Priority Applications (no., kind, date): EP 1996201674 A 19960614; JP 1997298608 A 19971030 



Patent Details 



Patent Number 


Kind 


Lan 


Pgs 


Draw 


Filing Notes 


EP 812920 


Al 


EN 


27 


8 




Regional Designated States,Original 


AT BE CM DE DK ES Fl FR GB GR IE IT LI LU MC NL PT SE | 


JP 11160313 


A 


JA 


14 




1 



Alerting Abstract EP Al 

A method (A) for quantifying entities comprises: 

(a) mixing a porphyrin or protoporphyrin of formula (I) widi a sample which is suspected of containing entities to be detected; 

(b) collecting the (I)-containing complexes formed, and 

(c) detecting and quantifying the collected complexes. 

R 1 = CH(OH)Me, CH=CH2, Et, H, COMe, CHO, CH(OH)CH20H or CH=CH02H(?); 
R2 = 1-3C alkyl (especially methyl); 
R3 = aryl or aralkyl (especially phenyl); 

M = a metal selected from Fe, Co, Ga, Sn, Zn, Cr, Mg, Ni, Ge and Cu. 
Also claimed are: 

( 1 ) a luminol-type chemiluminescent composition, comprising a compound (I) and an active oxygen providing source. 

(2) an adhesion or binding assay, comprising: 

(a) providing a suspension of entities to be tested; 

(b) mixing >= 1 compound of formula (I) with the suspension, to form complexes with the entities to be tested; 

(c) removing excess compound (I), especially by centrifugation, magnetic separation or filtration; 

(d) incubating the complexed entities with a target surface to adhere the complexed entities; 

(e) removing non-adhering material, and 

(f) detecting the adhered complexes. 

(3) a kit for quantification of porphyrins, comprising 0.2 M borate buffer, pH 10.3 containing minimal 100 muM perborate, 25 
muM luminol, 62,5 muM Fe-EDTA, and a positive control sample containing a porphyrin of formula (I). 

(4) a kit for enhancement of the light output obtained with oxidase enzyme systems, comprising 0.2 M borate buffer, pH 1 0.3 
containing < 25 muM perborate, 25 muM luminol, 62.5 muM Fe-EDTA, and a positive control sample containing the enzyme of 
the oxidase enzyme system. 

(5) use of a compound of formula (1) as a universal label which irreversibly binds to all types of surfaces (including molecules, 
cells, viruses, particles and beads) and which is detectable by luminescence or chemi luminescence, fluorescence and/or 

radioisotopic techniques. 

USE - (1) can be used as universal labels, which can bind (or be attached very strongly to) molecules, particles, beads, 
microorganisms or cells, without requiring any bridging molecules. 

USE - (I) can increase the light output of a luminol-type chemiluminescence composition containing an oxidase enzyme system. 
(I) can thus be used in quantitative and/or qualitative analysis of chemical and biochemical compounds. It can be used in 
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immunoassays and hybridisation reactions. 

ADVANTAGE - (I) provide long-lived chemiluminescent detectable products. 
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Self-assembly of avidin and streptavidin with multifunctional 
biotin molecules 
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Abstract 

We report the synthesis of a water-soluble tetrafunctional biotin hgand based on the porphyrin moiety and its 
behaviour at the air-water interface. The addition of streptavidin or avidin to the subphase is shown to cause a 
significant expansion of the isotherm of the tetrabiotinylated ligand, indicating a strong interaction between the 
protein and the ligand. The addition of inactive protein to the subphase caused no such change from which it is 
deduced that non-specific interactions could not have been responsible for the effects observed with the active 
proteins. Supplementary experiments using column chromatography provide evidence for the formation of a high 
molecular weight polymer when the tetrabiotinylated ligand and active protein are mixed. 



1. Introduction 

Harnessing the self-assembling property of functional 
molecular units is perceived to be a key technique for 
the fabrication of electronic circuits on a molecular 
scale and much progress has been made in this direction 
as a result of advances in synthetic chemistry and in 
protein chemistry. The ability of biomacromolecules to 
recognize specific molecular ligands provides an attrac- 
tive approach to the self-assembly of molecular systems 
[1] and, in particular, specific molecular recognition 
based on non-covalent binding interactions [2, 3] has 
enormous potential. By synthesizing a series of homo- 
logues which incorporate ligands that form one part of 
a binding pair it becomes feasible to assemble systems 
capable of being exploited in molecular electronics [4]. 

Already we have reported an investigation of affinity 
polymerization as a self-assembly technique. The 
method is based on the strong affinity of the proteins 
avidin and streptavidin for their complementary ligand, 
biotin, and has enabled us to fabricate multilayers of 
protein on a solid substrate [5]. Recently, we have 
investigated the polymerization of avidin and strep- 
tavidin using a variety of bisbiotin ligands based on 
aromatic molecules [6]. 

Blankenburg et cil. [7] have shown that streptavidin 
forms two-dimensional (2D) crystalline aggregates at 
the air-water interface when added to a subphase 
supporting a monolayer of biotinlipid. Although we are 
also interested in forming 2D aggregates our objective 
is to do so by interlinking proteins within a layer. In 
such a network, each molecular element would be phys- 
ically connected to adjacent elements, thus, in principle 



at least, facilitating the transport of signals from one 
element to the next. Since the binding pockets of avidin 
and streptavidin are arranged in pairs on opposite sides 
of the molecule, the formation of 2D networks with 
these proteins requires the synthesis of a tetrabiotiny- 
lated ligand (Fig. I). To achieve this goal, the por- 
phyrin molecule was chosen to be the central moiety of 
the tetrafunctionalized ligand since it is easily modified 
chemically to allow the incorporation of four biotin 
moieties. Furthermore, porphyrin has novel and inter- 
esting physical properties in its own right, e.g. photo- 
conductivity, which may make the protein -porphyrin 
structure an interesting model system for the study of 
electron tranfer processes [8]. 

In this paper we report (i) the synthesis of a water- 
soluble tetrabiotin ligand. (ii) its monolayer-forming 
properties at the air- water interface and (iii) its inter- 
action with avidin and streptavidin. 




Fig. 1. Schematic diagram of a 2D network formed by the specific 
binding of a tctrameric protein such as streptavidin with a tetrafunc- 
tionalized ligand. 
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2. Experimental details 

2/. Synthesis of a teti'afimct tonal biotin ligand 

Our previous work [6] and that of Green et al. [9] 
have shown that the length and flexibility of the binding 
ligand are crucial factors in determining the stability of 
avidin and streptavidin polymers. On the basis of these 
considerations and noting that a water-soluble tetrabi- 
otin would enable polymers to be formed in aqueous 
solution, the target molecule chosen was 5,10,15,20- 
tetrakis {a-[4-(biotinyIamidomethyl) pyridinium bro- 
mide] -/;-tolyl} porphyrin (TBPP) (4). In this molecule 
the distance between the carbonyl groups of two diam- 
metrically opposed biotin ligands has been determined 
from molecular modelling to be over 3 nm. This should 
be sufficiently long so that four proteins can be immobi- 
lized on a single tetrabiotin molecule without steric 
hindrance. While the basic structure of the porphyrin is 
a rigid plane, the sp-^ carbon atoms attached to the 
benzene and pyridine rings impart some flexibility to 
the terminal biotin moieties. 

The synthetic strategy involved substituting p-bro- 
momethyl benzene units into the 5, 10, 15, and 20 
positions in the porphyrin. Subsequently, a pyridinium 
unit in the form of a pyridinium bromide salt was 
connected to the bromomethyl moiety. The biotin 
molecule was then attached to the para position of the 
pyridine ring in order to achieve the maximum distance 
between diammetrically opposed biotin ligands. 

a-Bromo-p-tolunitrile was chosen as the starting ma- 
terial for synthesizing the porphyrin skeleton. The 
cyano group was converted to aldehyde by diisobutyl- 
aluniinium hydride (DIBAL-H) with a 78% yield 
(Scheme I). The porphyrin was synthesized by the 
reaction between aldehyde (1) and pyrrole with cata- 
lytic trifiuoride etherate (BF^OEt) in dry CHCI3 follow- 
ing the method of Lindsey et al. [10]. The reaction 
mixture was purified by basic alumina column chro- 
matograpy and porphyrin tetrabromide (5,10,15,20- 
tetrakis (a-bromo-/;-toIyl) porphyrin (2) was obtained 
as fine purfied crystals (yield, 37%). The modification of 
biotin was performed by introducing the pyridinium 
group into the carboxylic acid chain. The reaction 
between biotinyl-hydroxysuccinimide (BNHS) and 4- 
aminomethylpyridine with silica gel purification re- 
sulted in colourless fine crystals of 3-(biotinyl 
amido) pyridine (3) (yield, 88%). The final stage of the 
reaction was carried out between the porphyrin 2 and 
biotin ester 3 in dry dimethylformamide at 60 "C [II]. 
Temperature control of the reaction mixture was essen- 
tial because above 70 "C an insoluble polymer formed. 
Attempts at purifying the final product by recrystalliza- 
tiori were unsuccessful. However, gel filtration using 
sephadex G-25 columns was found to be a simple and 
efficient technique for purifying the crude mixture. The 




Scheme 1. 

tetrabiotin porphyrin 4 was obtained as fine purple 
crystals (yield, 20%). The compound gave satisfactory 
spectroscopic, analytical and mass spectral data. The 
Soret band of the biotinylated porphyrin dissolved in 
pure water was at 415.5 nm compared with 420.5 nm 
for the tetrabronioporphyrin precursor dissolved in 
chloroform. 

2.2. Preparation of monolayer 

The monolayer-forming properties of TBPP were * 
investigated in a polytetrafluoroethylene trough of the 
sliding barrier type located on an antivibration table 
housed in a class 2 semiconductor clean-room. Pure 
water for washing and for the trough was obtained 
from a Millipore Milli-RO60 reverse osmosis cartridge 
coupled to a Super Q system comprising ion exchange, 
Organex and 0.2 f.mi filter cartridges. The surface pres- 
sure was monitored with a Wilhelmy plate and elec- 
trobalance to an accuracy of O.l mN m"'. For all the 
experiments reported here the subphase was 0.25 M 
NaCl held at a constant temperature of 28 ""C. The 
presence of the salt was intended to reduce the possibil- 
ity of non-specific binding of protein to the monolayer 
in subsequent experiments. The spreading solution 
was prepared by firstly dissolving I mg of TBPP in 
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I ml of ultrapure water and then mixing 30 of this 
solution with 0.4 ml of a methanol-chloroform mixture 
(methanolxhlorofomi = 1:1). Pressure-area isotherms 
were obtained by spreading an aliquot of the final 
solution on the subphase surface and waiting for about 
30 min before compression. The isotherms were obtained 
at a compression rate. of 0,018 nnv molecule"' s"'. 

Preliminary investigations revealed very quickly that 
the water solubility of TBPP was too great to allow 
stable monolayers to form. To reduce the loss of mate- 
rial to the subphase. an ionic complex was formed 
between TBPP and a long-chain alkanoic salt which 
provided a hydrophobic anion to replace the Br" coun- 
ter-anion. Ionic interaction between the insoluble, hy- 
drophobic anion and the TBPP cation was expected to 
improve the stability of the TBPP monolayer. 

A similar strategy was adopted by Barraud and co- 
workers [12-14] who utilized the chemical reaction 
between a pyridinium salt containing porphyrin and a 
fatty acid such as stearic acid to form an ionic complex 
that was stable at the air-water interface. In the present 
work, sodium octadecyl sulphate (ODS) was chosen as 
the anchoring molecule for TBPP. The complex was 
formed by niixing 20 |.il of ODS ( I mg in 1 ml of a 
methanol-chloroform mixture ( methanolxhloroform 
= 2:8)) with 30 |.il of the aqueous TBPP solution prior 
to final dilution in the methanol-chloroform spreading 
solvent (methanohchloroform = 1:1) as above. The 
ionic complex formed spontaneously in the resulting 
solution in which the TBPP:ODS mole ratio was 1 :4. 
Aliquots of this mixutre were then spread on the sub- 
phase surface and the pressure isotherm obtained under 
the same conditions as before. 

2.3. Imniohilizatfon of proteins to nwno/ayer 

Immobilization of streptavidin (Vector Laboratories 
Ltd., Peterborough, UK), avidin (type D from Vector 
Laboratories Ltd.) and succinylated avidin (Sigma 
Chemicals, St. Louis, MO) was carried out following 
the procedures reported by Blankenburg et al. [7]. A 
solution composed of 0.5 mg of protein in 3 ml of 
0.25 M NaCl was prepared and, using a microsyringe, 
injected into the subphase at several positions beneath 
an expanded TBPP-ODS monolayer on the subphase 
surface. The monolayer was then left to incubate for 2 h 
at 29 "C. 



3. Results and discussion 

."?./. Formation of the monolayer 

Isotherms obtained for pure TBPP showed clear evi- 
dence of dissolution into the subphase. The onset area 
for pressure rise was about 2.8 nnv per complex and at 
the low area limit of the trough, although the surface 



pressure had risen to 27 mN m"', the area per complex 
had decreased to about 0.8 nm-. This compares with an 
estimated area of 2.2-2.4 nm- for the tetrapyridinium- 
porphyrin moiety based on the assumption that the 
cross-shaped molecule occupied a square area with side 
equal to the distance between pyridinium moieties. The 
shift in the isotherm to even smaller areas for subse- 
quent compressions coupled with its known high water 
solubility is strong evidence that TBPP dissolves into 
the subphase during compression. When complexed 
with ODS the isotherm (full curves in Figs. 2 and 3) 
was more expanded; the area per complex at the onset 
of pressure rise was equal to 6.75 nm- and decreased to 
only 2.3 nnv just prior to collapse at a surface pressure 
of about 40 mN m"'. Since the area at collapse is close 
to that expected for the tetrapyridiniumporphyrin moi- 
ety, we may assume that this moiety lies flat on the 
water surface and that the biotin moieties are directed 
either into the water or into the air. The ODS anions 
presumably occupy the spaces between adjacent TBPP 
molecules where they can remain close to the oppositely 
charged pyridinium groups. So long as the monolayer 
was not compressed to collapse, the expansion isotherm 
followed that obtained during the first compression. 
However, for a monolayer compressed beyond collapse, 
significant hysteresis was observed when the barriers 
were opened. Nevertheless, isotherms obtained during 
subsequent compressions of the monolayer were identi- 
cal with that obtained initially, confirming therefore 
that no material is lost from the monolayer during 
collapse. 

3.2. The inunobihzation of proteins 

The eflect of introducing streptavidin into the subphase 
supporting a TBPP-ODS monolayer is shown in Fig. 
2 (chain curve). After incubation for 2 h a considerable 
expansion of the monolayer occurred which we presumed 
to be caused by protein binding to the monolayer. To 
confirm that binding was specific, the experiment was 
repeated with inactive strepavidin; the latter was prepared 
by adding sufficient biotin to an aliquot of the strep- 
tavidin solution to block all four binding sites in the 
protein. The broken curve in Fig. 2 shows that inactive 
streptavidin has a negligible effect on the isotherm of 
TBPP-ODS, a result which confirms that little non- 
specific binding of protein to monolayer occurred. This 
is not surprising since the particular streptavidin used 
had a pi of about 7 and, with the subphase pH held at 
6.5, the net charge on the protein would have been low. 
Furthermore, the NaCI subphase would have further 
decreased any charge interactions between protein and 
monolayer. The TBPP-ODS-protein layer was stable 
under compression, the area decreasing by only 0.3"/. 
min-' at a pressure of 30mNm-'. This is sufficiently 
stable to allow deposition onto solid supports. 
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Fig 3. Pressure-area isotherms for TBPP-ODS before (— ) and after addition of active ( - - - ) and inactive ( - - -) avidin to the subphase. 
The isotherms showing the effects of protein addition were obtained after incubat.ng the monolayer tor 2 h at 2) C. 



The results of similar experiments with avidin are 
shown in Fig. 3. As can be seen, the behaviour is 
virtually identical with that observed with streptavidin. 
Normally, avidin obtained from commercial sources is 
expected to show a high degree of non-specific binding 
either because of its high pi ( 10- II) or because of the 
presence of sugar residues. The avidin used in this 
work, however, was described as having a low-degree ot 



non-specific adsorption. Using isoelectric focusing gels 
we have already shown [15] that the isoelectric point of 
this particular protein is in the pH range 7.5-8 so at the 
pH of the experinient the protein will be only weakly 
charged. Thus non-specific binding is expected to be 
low, consistent with the observation in Fig. 3. Interest- 
ingly, an inactive succinylated avidin (pi about 4) did 
cause slight expansion of the monolayer, indicating the 
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occurrence of non-specific binding in this case. It seems 
therefore that non-specific binding is related more to 
the charged state of the proteins rather than to the 
presence or otherwise of sugar residues in the protein. 

In a supplementary experiment in which active 
protein was mixed with an excess of TBPP-ODS a 
reddish-coloured precipitate formed which would not 
pass through a Sephadex G-lOO gel filtration column, 
suggesting that either a highly cross-linked polymer or 
perhaps a gel had been formed. In previous work with 
bisbiotin ligands [6], linear polymers, oligomers and 
protein monomers all passed through the column. 



4. Conclusions 

A tetrabiotinylated ligand based on the porphyrin 
moiety has been synthesized and its monolayer be- 
haviour at the air-water interface investigated. The 
addition of active streptavidin or avidin to the subphase 
caused, after a 2 h incubation, a significant expansion in 
the pressure isotherm of the TBPP-ODS, suggesting a 
strong interaction between the protein and the mono- 
layer. That a specific interaction was occurring was 
confirmed by the negligible change in the isotherm after 
addition of inactive protein to the subphase. The lack 
of non-specific binding by the inactive avidin was at- 
tributed to its low charge state at the pH of the 
experiment. Although we have no direct evidence for 
polymer formation at the air-water interface, we have 
shown that mixing protein with an excess of TBPP- 
ODS results in a reddish precipitate which does not 
pass through a Sephadex gel filtration column. The 
absence of protein monomer passing through the 
column led to the conclusion that the precipitate was 
either a crosslinked polymer or a gel. 
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The synthesis of a tetrabiotinylated porphyrin ligand, 5,10,15,20-tetraki8{a-(4-(biotinyIanudomethyl)- 
pjrridinium bromidel-p-tolyl}porphyrin (TBPP), is described and its monolayer behavior at the air-water 
interface investigated. Monolayers of the pure salt were found to be unstable. The effects of complexing 
with different mole ratios of sodium octadecyl sulfate (ODS) were studied. The TBPP-ODS (1:4) complex 
gave stable isotherms from which it waa deduced that porphyrin molecules lay flat on the water surface, 
with biotin moieties pointing into the subphase. From STM images it was deduced that the high deposition 
ratio (~1.5) during vertical dipping probably arose from a spontanous self-assembly of the complex into 
rodlike stacks. Fluorescence microscopy showed that, in the "gaseous" phase, the complex assembled into 
a network of associated porphyrin molecules surrounding circular voids of different size. Addition of active 
avidin or streptavidin caused a significant expansion of the isotherm that was accompanied by the appearance 
of a domain-like structure in the monolayer." That no such changes were observed with inactive proteins 
confirms the specific nature of the interactions being investigated: 



1. Introduction 

Avidin and streptavidin are highly stable, robust 
proteins. These properties coupled to their high aMnity 
for biotin have already led to tiie widespread use of the 
streptavidin/biotin complex in a range of technological 
applications such as immunoassays, biosensors, affinity 
chromatography, and directed drug or isotope delivery.* 
Our interest in this protein/hgand couple stems from our 
attempts to form 2-D protein arrays as possible templates 
for the fabrication of molecular electronic systems. The 
approach is based on the developments in microelectronic 
systems where very large scale integrated (VLSI) logic 
arrays and memories are essentially 2-D arrays of 
repeating elements. Using proteins as the basic compo- 
nents In the array, it is our intention to incorporate 
functionality into the binding ligand and, ultimately, into 
the protein, thus bringing a molecular electronic system 
closer to reality. 

We have already reported on the synthesis of aromatic 
bisbiotin ligands and have investigated their ability to 
form linear polymers with avidin and streptavidin.^ The 
basis of polymer formation is the strong affinity (/Ci ^ 
10"** M) between these proteins and their complementary 
ligand, biotin. Because the binding pockets are arranged 
in pairs on opposite sides of the molecule, bisbiotin ligands 
form linear chains of interlinked protein molecules despite 
the tetrameric structure of these proteins.®"® 
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Tetramertc protein Tctrafimcttonal ligand 

Figure 1. A two-dimensional array based on the binding 
between a tetrafunctionalized ligand and a tetrameric protein. 

Therefore, to form a 2-D array such as that shown in 
Figure 1 a tetrafunctionalized Ligand is essential. Prefer- 
ably, the ligand must be of a square-planar rather than 
a tetrahedral structure so as to maintain the planarity of 
the array. The side chains must be sufficiently long and 
flexible to allow four proteins to be bound to one ligand 
without steric hindrance. Ideally, the ligand should be 
water soluble thus enabling the polymerization of protein 
to take place in an aqueous medium so as to avoid 
denaturing the protein. An advantage of this approach 
is that, even if the tetrahedral structure of the protein 
may militate against the formation of the network in 
Figure 1, there still exists the possibility of forming a 2-D 
network in which only two of the protein binding pockets 
(a4jacent or opposed) link the planar tetrafimctionalizcd 
ligands. In this case, the mole firaction of ligand in the 
network will be reduced to a half of that in Figure 1. 
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Figure 2. (a) Tetrabiotinylated porphyrin ligand (TBPP) 
synthesized in this work, (b) TBPP-ODS ( 1:4) complex which 
resulted in stable monolayers at the air-water interface. 

On the basis of criteria established in our previous study 
of protein/bisbiotin polymers^ the above requirements were 
deemed to be met in the target molecule 5,10,15,20- 
tetrakis{a- [4-(biotinylaniidomethyl)pyridinium bromidel - 
p-tolyl}porphyrin (TBPP) shown in Figure 2a. Porphyrin 
was chosen as the central molecule owing to the ease with 
which four biotin moieties may be connected to it. The 
electrical and optical activity of porphyrin was also an 
important consideration. The presence of this molecule 
in the array introduces points of electrical and/or optical 
stimulation using, for example, techniques based on 
scanning tunneling microscopy and/or optical near field 
microscopy. 

The strategy adopted for forming the protein-ligand 
network was based on the successful approach used by 
Ringsdorf s group for the self-assembly of streptavidin 
crystals by immobilization to a biotinlipid monolayer at 
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the air-water interface.^ In our case, this requires the 
formation of a stable TBPP monolayer at the air- water 
interface where upon protein iiyected into the aqueous 
subphase is allowed to interact with the ligand. 

In the following we describe (a) the synthesis of TBPP, 
(b) the formation of a TBPP-octadecyl sulfate (ODS) 
complex (Figure 2b) which yields a stable monolayer at 
the air-water interface, and (c) a preliminary investiga- 
tion into the immobilization of streptavidin to the TBPP- 
ODS monolayer. 

2. Experimental Section 

2.1. Synthetic Strategy. The synthesis of the tetrabiotin 
ligand was based on the substitution of p-bromomethylbenzene 
imits into the 5, 10, 16, and 20 positions in the porphyrin. To 
impart water solubility to the ligand, pyridinium units in the 
form of a pyridinium bromide salt were connected to the 
bromomethyl moieties. Finally, biotin molecules were attached 
to the para position of the pyridene ring to maximize the distances 
between biotin molecules. 

To synthesize the porphyrin skeleton, a-bromo-p-tolunitrile 
was chosen as the starting material and diisobutylaluminium 
hydride (DIBAL-H) was used to convert the cyano group to 
aldehyde with 78% yield (Scheme 1). Porphyrin was synthesized 
by reacting a-bromo-p-tolualdehyde (1) and pyrrole with catalytic 
boron trifluoride etherate (BFaOEt) in dry CHCI3 following the 
method of Lindsey et al.*° After purification using basic alvunina 
column chromatography, 5,10.15,20-tetrakis(a-bromo-p-tolyl)- 
porphyrin (2) was obtained as fine purple colored crystals with 
37% yield. 

Biotin modification was achieved by introducing the pyri- 
dinium group into the carboxylic acid chain. The subsequent 
reaction between biotinyl-N"-hydroxysuccinimide (BNHS) and 
4-(aminomethyl)pyridine, after silica gel purification, resulted 
in fine colorless crystals of 4-(biotinylamido)pyridine (3) with 
88% yield. 

Finally, porphyrin (2) and biotin ester (3) were reacted in dry 
dimethylformamide (DMF) at 60 °C.>i Control of reaction 
temperature at this stage is essential since heating the mixture 
over 70 *C results in insoluble polymerized substances. Gel 
filtration using Sephadex G-25 columns was found to be a simple 
and effective technique for purifying the crude mixture. The 
tetrabiotin porphyrin (4), obtained as fine purple crystals with 
20% jrield, gave satisfactory spectroscopic, analytical, and mass 
spectral data. The Soret band of the biotinylated porphyrin when 
dissolved in pure water was centered at 415.5 nm. 

2.2. Synthesis of TBPP. All reagents, solvents, and 
chemicals were purchased from Aldrich and Merck emd used 
without further purification. d-(-r)-Biotin was purchased fi-om 
Lancaster Chemicals. DMF, chloroform, and chlorobenzene were 
stored with molecular sieves prior to use. ^H-NMR spectra of 
samples were recorded with a Brucker AC-250 (250 MHz) 
spectrometer and UV-visible spectra obtained with a Hitachi 
Model U-2000 spectrophotometer. Fast atom bombardment 
(FAB) analysis was carried out by the SERC Spectrometry Service 
Centre, University College of Wales, Swansea. 

(1) OL'Bromo-p'tolualdehyde. A 3.0-g (0.0153 mol) portion of 
a-bromo-p-tolunitrile was dissolved in 50 mL of dry chlorobenzene 
under nitrogen pressure. The solution was cooled to 0 "C and 
a 1 M solution of diiaobutyl aliiminum hydride (DIBAL-H) in 20 
mL of hexane was added in a dropwise manner to the solution 
over 20 min. The mixture was stirred at 0 *C for 1 h and 60 mL 
of chloroform was added. Subsequently, 10% aqueous HCl was 
added over 10 min while stirring continued. The organic layer 
was separated and the aqueous layer was extracted with 
chlorofrom. This organic extract was then combined with the 
organic layer and the whole worked up and dried with MgS04 
powder. The chloroform was evaporated and the resultant 
crystals were recrystallized from a hexane/ethyl acetate (hexane/ 
ethyl acetate 10:1) mixture. The resulting needle crystals were 
washed with cold hexane to yield 2.38 g (78%) of aldehyde: mp 
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Scheme 1 






98-100 '^C; iH-NMR (CDCI3) d 10,0 (s, H, -CHO), 7.85 (d. 2H, 
Ar-H). 7.55 (d, 2H, Ar-H), 4.50 (s. 2H. -CHaBr). Found 
(CsHTOBr): C. 48.54; H, 3.51. Calculated: C. 48.27; H. 3.55%. 

(2) 5JOJ5,20'Tetraki8(o.-bromO'P'tolyl)porpkyrin. A 1.0-g(5 
mmol) portion of a-bromo-p-tolualdehyde (1) and 0.355 g (5 mmol) 
of pyrrole were dissolved in 400 mL of diy chloroform, and the 
mixture was stirred at room temperature under nitrogen 
pressure. A 0.66-mL (1.65 mmol) portion of BF3Et20 (2.5 M) in 
dry chloroform was added to the solution and stirred for 1 h 
while shielding from ambient light. A 0.942-g (3.75 mmol) portion 
of tetrachloro-l,4-ben2oquinone(TCQ) was added and the mixture 
was refluxed for 1 h under nitrogen flow. The reaction mixture 
was filtered to remove the insoluble solid residue. The filtrate 
was refiltered through Florisil (100-200 mesh; Aldrich) and then 
evaporated to yield crude crystals. These were washed thor- 
oughly with methanol until the filtrate became colorless and 
then washed in ether to yield purple crystals. Final purification 
was carried out using basic alumina column chromatography 
(solvent, dichloromethane/2% ethyl acetate). The eluted solvent 
was evaporated and fine purple crystals were obtained (0.45 g, 
37%): iR-NMR (CDCI3) <3 8.75 (s, 8H. pyrrole), 8.10 (d, 8H, Ar- 

3 5) 7 70 (d, 8H, Ar-2,6) 4.80 (s, 8H. -CHaBr). Found (C48H34- 
Br4N4): C, 58.64; H, 3.47; N, 5.63. Calculated: C, 58.44; H. 3.47; 
N, 5.68%. FABMS (m/z) 985 (calculated. 986). 

(3) 4-(Biotinylamido)Pyridine. A 0,6-g (1.74 mmol) portion of 
BNHS was dissolved in 20 mL of DMF, and 0.2 g (1.74 mmol) 
of 4-(aminomethyl)pyridine dissolved in 5 mL of DMF was added. 
The solution was stirred at 60 'C for 2 h and, subsequently, at 
room temperature overnight. The DMF solution was removed 
fi-om the reaction mixture by vacuum and a yellow gelatinous oil 
was obtained as a residue. The crude mixture was purified by 
silica gel colunm chromatography (solvent, chloroform/methanol 
8* 1) Finally, 0.44 g (75%) of colorless crystals was obtained: mp 
195-200 -^C; ^H-NMR (DMSO-cie) d 8.40 (d, 2H, pyridine-2,6), 
8.30 (s, pyridine-CHzNH-), 7.10 (d. 2H, pyridine-3,5). 6.35 (d, 
H. (NH)2C0), 6.28 (d. H, (NH)2C0), 4.20 (d. 2H, pyridine-CHz-), 

4 25 and 4.05 (m. 2H, (CHNH)2CO, 3.0 (m, H, -SCH-). 2.70 and 
2 72 (dd, 2H, -SCH2-),2.10(t, 2H, -CH2CONH-), 1.45 (m,4H, 
-CH2(CH2)2-), 1.25 (m. 2H, -CH^CH-ih-y Found 
(Ci6H22N,S02): C, 57.21; H, 6.53; N, 16.46. Calculated: C,57.46: 

H, 6.63; N, 16.75%. 

(4) 5,10,25,20-Tetrakis{a-[4'(biotinylamidomethyl)pyridinium 

bromide]'p-tolyl}porphyrin(TBPP). A0.1-g(0.101 mmoDportion 
of tetrabromoporphyrin (2) was suspended in 15 mL of dry DMF 
at 60 "C under nitrogen pressure. Half of 2 was dissolved and 
the rest was suspended. A 0.15-g (0.445 mmol) portion of 
pyridinium biotin (3) was dissolved in 6 mL of dry DMF and 
added dropwise to the partially dissolved porphyrin. The reaction 
mixture became homogeneous upon adding the solution of 3 
whereupon the mixture was stirred at 60 "C imder nitrogen flow 
for 3 h and therefore at room temperature overnight. A large 
volume of water was added to the reaction mixture and extracted 
with chloroform. The color of the water layer became red-purple 
and water with DMF was removed by vacuum evaporation. A 
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red-purple crystalline residue was obtained. A solution of this 
crude residue in pure water was purified by Sephadex G-15 gel 
chromatography. The purple colored elution was collected and 
water removed to obtain 0.03 g (12%) of fine purple crystals: 
iH-NMR (DMSO-de) 9-35 (d, 8H, pyridine-2,6) 8.80 (s, 8H, pyrrole- 
H), 8.30 (d, 8H, Ar-3,5), 8.10 (d, 8H, pyridine-3,5). 7.95 (d, 
8H, Ar-2,6) 6.8 and 6,7 (d, 8H, CO(NH)2)» 6.20 (s, 8H, 
Ar-CH2-pyridine), 4.62 (s, 8H, pyridine-CH2NH-), 4.45 and 4.35 
(m, 8H, (CHNH)2CO), 2.90 (m, 4H, -SCH-), 2.75 and 2.60 
(dd, 8H, -SCH2-). 2.30 (t, 8H, -CH2CONH-), 1.65 (m, 
16H. -CH2(CH2)2-). 1-50 (m. 8H, -CH2(CH2)2-). Found 
(Cu2Hii2Br4N2o08S4): C. 56.87; H, 5.30; N. 11.68. Calculated: 
C, 57.68; H, 5.62; N. 11.99%. 

2^. Monolayer Studies. 2.3.1. Pressure- Area Isotherms. 
The pressure-area (-t-A) isotherms were obtained in a sliding 
barrier, PTFE trough located on an antivibration table in a class 
2 semiconductor cleanroom.*^ pure water was obtained from a 
MilUpore Milli-RO60 reverse osmosis cartridge coupled to a Super 
Q system comprising ion exchange, organex, and 0.2-/im filter 
cartridges. The surface pressure was monitored with a Wilhelmy 
plate and electrobalance to an accuracy of 0.1 mN/m. 

For the experiments reported here the subphase was 0.25 M 
NaCl so as to minimize the nonspecific binding of protein to the 
TBPP monolayer during protein immobilization studies. The 
addition of NaCl to the subphase made little difference to the 
stability of the TBBP monolayer. 

The spreading solution was prepared by dissolving 1 mg of 
TBPP in 1 mL of ultrapure water and then mixing 30 /^L of this 
solution with 0.4 mL of 1:1 methanol/chloroform solution. 
Pressure -area isotherms were obtained 30 min after spreading 
an aliquot of the final solution on the subphase siirface. The 
compression rate used was 0.018 (nm2/molecule)/s. 

It was soon apparent that the water solubility of TBPP was 
too great to allow stable monolayers to form. To prevent loss of 
material to the subphase, TBPP was complexed with sodium 
octadecyl sulfate to form a long chain alkanoic salt by replacing 
Br- with the octadecyl sulfate (ODS) anion. A similar strategy 
was adopted by Barraud and co-workers^^-is ^ho attached four 
long alkanoic chains as side groups in order to obtain stable 
monolayers of a tetrapyridinium salt containing porphyrin. 

In the present experiments, the complex was formed by mixing 
20 fiL of sodium octadecyl sulfate (1 g/L in a 2:8 methanol/ 
chloroform mixture) with 30 /^L of the aqueous TBPP solution 
prior to final dilution in the 1:1 methanol/chloroform spreading 
solvent. The ionic complex formed spontaneously in the resulting 
solution with a TBPP-ODS mole ratio of 1:4. For other mole 
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raUos the quantity of ODS added to the TBPP was adjusted 
accordingly. Isotherms were obtained under the same cond itions 
as described above. Monolayers for UV-vis examination were 
transferred to a quarU substrate by vertical dipping at a pressure 
of 30 mN/m and a speed of 4 min/min. Deposition ratios were 
recorded automatically. 

Immobilization of streptavidin (Vector Laboratories, Ltd, 
Peterborough, U.K.) was carried out using similar procedures to 
those reported by Blankenburg et al.* A microsyringe was used 
to inject a solution composed of 0.6 mg of protein in 3 mL of 0.25 
M NaCl at several positions under a TBPP- ODS monolayer held 
in the "gaseous" phase (ji ~ 0 mN/m). The monolayer was then 
left to incubate for 2 h at 29 'C- 

2,3:2, Fluorescence Studies. Fluorescence microscopy is a 
sensitive, nondestructive optical technique for investigating the 
phase behavior of monolayers at the air-water interface. It has 
proved particularly useful for investigating the phase transitions 
of phospholipids**-'^ and has shown that streptavidin immobilized 
to a biotinlipid monolayer has a domain-like structure.* The 
technique is used here to visualize both the TBPP-ODS 
monolayer as well as the immobiUzation of streptavidin. The 
experimental system consisted of a simple trough for film 
preparation combined with a fluorescence microscope. Optical 
excitation of the monolayer was by a 100-W mercury lamp through 
either blue (400-480 nm) or green (560-595 nm) filters. The 
fluorescence image was viewed through a filter with low 
wavelength cut-off-either at 500 nm or at 600 nm using a low- 
light-level video camera (Hamamatsu C 2400-08-C). 

Experiments were performed in which aliquots of the TBPP- 
ODS (1:4) complex prepared as above were spread on the surface 
of NaCl subphases ranging from 10 to 250 mM with little effect 
on the observed images. In the fixed area trough used for the 
fluorescence measurements, the surface pressure was generally 
kept close to zero by controlling the amount of complex spread. 
Microscopic observation of the monolayer began about 30 min 
after spreading: Fluorescence images of the TBPP-ODS complex 
were obtained directly, by exciting the Soret bond (415 nm) with 
blue light or the Q-band (550-600 nm) with green light. In both 
cases fluorescence occurred in the range 620-750 nm but was 
much fainter when exciting with green light. 

The protein immobilization experiments were carried out by 
adding fluorescently-labeled streptavidin (SA-5001, Vector Labo- 
ratories), dissolved in 1 mLof ultrapure water (1.58 x lO'^ mM), 
to the subphase. The fluorescent isothiocyanate (FTTC) molecules 
attached to the protein absorbed at '>-480 nm and fluoresced at 
525 nm. Typically, 10 fiL of the stock solution was iigected into 
the subphase at several points and allowed to incubate at 29 'C 
prior to recording the fluorescence micrographs. 

2.3,3, STM Studies. Substrates for monolayer deposition and 
subsequent STM imaging were prepared by evaporating 500 nm 
of gold onto ft^shly cleaved mica held at a temperature of 400 
•C. Evaporation was carried out in a turbomolecular system at 
a pressure of 10~* Torr and at a rate of ~ 1 nm/s. The gold-coated 
mica was annealed for a further 12 h at 400 'C under nitrogen 
to produce atomically flat terraces of gold suitable for STM 
imaging. (The rms roughness of the gold layers was about 0.03 
nm over a 10 nm x 10 nm area). Monolayers of the TBPP-ODS 
complex were deposited onto the gold films by vertical dipping 
as above for quartz and also by horizontal lifting at a pressure 
of 30 mN/m. 

Images were obtained using a WA Technology STM (Cam- 
bridge, U.K.) with the sample biased at +600 mV with respect 
to the tip and with a tunneling current of 0.1 nA. 

3. Results 

The .T-A isotherms for TBPP-ODS monolayers ob- 
tained with spreading solutions containing different mole 
ratios of TBPP to ODS are shown in Figure 3, The pure 
salt was vinstable at the air-water surface, tending to 
early collapse and dissolution in the subphase. Each 
increase in the mole ratio of ODS in the TBPP-ODS 
complex increased the stability of the monolayer. The 1:4 
TBPP-ODS complex, in particular, was highly stable 
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Figure 3, Pressure- area isotherms showing the effect of 
increasing the mole ratio of ODS in the TBPP-ODS complexes 
from (a) - to (b) 1. (c) 2, (d) 3, (e) 4, (f) 6. and (g) 10. 




Figure 4. STM image of a monolayer of the TBPP-ODS (1:4) 
complex deposited onto a gold substrate. The image is 50 nm 
X 50 nm and resembles an assembly of rodlike stacks. 
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Figure 5. Pressure-area isotherm of (a) the TBPP-ODS (1: 
4) complex and (b) 2 h after adding active streptavidin to a 0.25 
M NaCl subphase at room temperature. 

under compression. For example, after compressing to 
30 mN/m, although the area per molecule decreased by 
about 15% during the first 10 min or so, over the next 3 
h the loss of area was negligible. For greater mole fractions 
of ODS Little further change occurred in the isotherms. 

Deposition of the stable monolayer by vertical dipping 
was readily accomplished albeit with a deposition ratio in 
the range 1.45-1.64 for the TBPP-ODS (1:4) complex. 

An STM image of a monolayer of the TBPP-ODS (1:4) 
complex deposited onto a gold substrate by horizontal 
lifting is shown in Figure 4. The size of the image is 50 
nm X 50 nm and the height is about 1.2 nm. The 
monolayer appears to have organized into rodlike stacks 
with a diameter ~2.8 nm. 

Figure 5 shows the effect on the isotherm of the TBPP- 
ODS ( 1:4) complex of adding streptavidin to the subphase 
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and incubating for 2 h. A clear shift to larger areas has 
occurred. Addition of inactive protein to the subphase 
produced no change to the isotherm over the same time 
period. The same pattern of behavior was observed w^ith 
avidin. These results confirm that a specific interaction 
is occurring between protein in the subphase and biotin 
in the monolayer suggesting in turn that biotin Uganda 
point into, rather than out of, the subphase. 

Fluorescence microscopy has been shown to be an 
invaluable aid to understanding processes that occur at 
the air- water interface^^ and has been used successfully 
to image the formation of streptavidin domains below a 
biotinlipid monolayer.^* ^® Figure 6a is a fluorescence 
micrograph of a monolayer of the TBPP-ODS (1:4) 
complex in the low-pressure phase. The "monolayer" 
appears to be composed of a network of fluorescing 
porphyrin molecules surrounding dark circular patches 
of varying size. That the black areas are empty of material 
was confirmed by adding a second aliquot of the complex 
to the surface whereupon the fluorescent regions expanded 
while the darker, circular regions decreased in size,^^ This 
is opposite to the fmdings of Mdhwald (Figure 3 of ref 18) 
for L-a-dimyristoylphosphatidic acid (DMPA) where the 
uniformly-sized, circular domains of condensed material, 
devoid of fluorescing dye, grew with increasing surface 
pressure in the gas -fluid coexistence phase. 

Figure 6b shows the effect of adding FlTC-labeled 
streptavidin to the subphase and incubating for 2 h. A 
totally different structure has now formed, with protein 
seemingly having formed large domain-like features. 
Eventually, merger of the domains resulted in a uniform 
fluorescence from the whole of the surface.J^ Similar 
results were obtained using a sulphorhodamine-labeled 
streptavidin which enabled the fluorescence from the 
protein to be distinguished from that of the porphyrin. 

4. Discussion 

The isotherm for pure TBPP (Figure 3) shows a low 
collapse pressure (—20 mN/m), The area per molecule 
was about 1.5 nm'^ at the onset of pressure rise but 
decreased to less than 0,5 nm^ per molecule at collapse. 
The molecular area of tetraphenylporphyrin as determined 
from the pressure-area isotherm by Bull and Bulkowski^^ 
is reported to be in the range 0.13-0.17 nm^. These 
authors expected an area of 1.6 nm^ for their flat lying 
molecule and 0.7 nm^ if the molecule was vertical. The 
large discrepancy between experiment and expectation 
was taken as evidence that, under compression, tetraphe- 
nylporphyrin forms multilayer stacks on the water 
surface." This was confirmed by a smaller than expected 
d-spacing determined X-ray diffraction from a Y-type film 
deposited with unity deposition ratio. 

Although tilting or stacking of TBPP may occur, in view 
of the high solubility of the complex (1 mg readily dissolves 
in 1 mL of water), we believe that diffusion into the 
subphase is the most likely explanation for the small areas 
seen here for the pure compound. 

Complexation with ODS not only increased the collapse 
pressure to ~40 mN/m but also shifl^ed the isotherms to 
larger area. Increasing the mole ratio of ODS in the 
complex from 0 to 4 increased the molecular area 
(measured at 20 mN/m) by about 0.7 nm^ per ODS ion 
introduced into the complex. The area of a vertically 
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Figure 6. Fluorescence micrographs of a monolayer of the 
TBPP-ODS (1:4) complex at low surface pressure (a) before 
and (b) 2 h after adding streptavidin to a 10 mM NaCl subphase 
at room temperature. In both cases the field of view was 80 
//ra across. 

orientated ODS ion is -0.2 nm^ and could account for less 
than a third of the change observed if a simple mixture 
was being formed. A puzzling feature of the results in 
Figure 3 is that little change occurred in the isotherm 
when the mole ratio of ODS increased from 2 to 3. This 
suggests either that the formation of the 1:3 TM PP~O DS 
complex is thermodynamically unfavorable or that the 
presence of the third ODS anion has little effect on the 
orientation of the porphyrin molecule. 

For mole ratios of ODS greater than 4, little further 
change occurred in the isotherm suggesting that com- 
plexation was complete and that any additional ODS 
simply dissolved in the subphase. 



3528 Langmuir, Vol. 11, No, 9, 1995 

The area per molecule of the TBPP-ODS (1:4) complex 
at 35 mN/m is approximately 2 .6 nm^ significantly greater 
than the 1.6 nm^ reported by Ruaudel-Teixier et al.^ for 
tetrapyridylporphyrin quatemized with C20 alkyl chains 
at the same surface pressure. These authors estimated 
the area of their chromophore to be 2.2 nm^, suggesting 
that molecules in their monolayer were tilted. On the 
basis of a simple model of the flat-lying complex which 
ignores the presence of the biotin ligeuids, we estimate an 
area per complex in the. range 2.6-3.2 nm^ suggesting 
that, for the TBPP-ODS (1:4) complex the porphyrin 
moiety probably lies flat on the water surface with the 
biotins pointing into the subphase. The increase in 
molecular area with increasing mole fraction of ODS is 
seen, then, as successive steps in the planarization of the 
porphyrin moiety on the water surface. 

The large deposition ratio, ^1.5, indicates that reor- 
ganization of the porphyrin molecules must occur during 
deposition. The STM image in Figure 4 suggests that the 
molecules are arranged In rodlike stacks, which is certainly 
feasible given the planar structure of the ligand. Further 
evidence for this, perhaps, is provided by the red-shift of 
the Soret band from 415 nm in aqueous solution to 425 
nm in the deposited film which may be explained by 
changes in the Tt-m* excited states of each molecule arising 
from changes in the degree of overlap of the molecular 
orbitals.2* 

According to Li et al.^^ the surface coverage of an 
immobilized porphyrin monolayer may be calculated by 
applying the Beer-Lambert law to the UV-visible data 
obtained from the film. Thus, we may write the surface 
density of molecules, ds, as = Ae"^ where A is the 
absorbance and € the extinction coefficient. For TBPP in 
solution (Amax(H20) = 415 nm), the extinction coefficient 
was measured to be 1.93 x 10*^ M'^ cm'^ Assuming this 
value applies in the deposited monolayer and noting that 
the maximum absorbance in the Soret band of the film 
was 0.064, rfa is estimated to be 3.3 x 10"^ mmol/cm^, 
corresponding to ~2 molecxiles/nm^ Since both surfaces 
of the quartz substrate were coated in a monolayer, the 
area per molecule in the deposited film was ^ 1 nm^ which 
contrasts with --2.8 nmVcomplex for the same monolayer 
compressed to 30 mN/m, the deposition pressure (see 
Figure 3 ). The discrepancy probably arises from the higher 
extinction coefficient of the ordered stacks in the film 
compared with the random orientation in solution. 

Addition of either avidin or streptavidin to the subphase 
below an expanded TBPP-ODS monolayer resulted in 
the specific adsorption of the protein to the biotinylated 
complex in exactly the same way as described by Ahlers 
et aL^^ for immobilization to biotinlipid monolayers. 
Interestingly, at very low surface pressures, the expansion 
of the monolayer here is approximately 4.0 nm^ per 
complex, some 8 times greater than that observed by 
Ahlers et al.^® for biotinylated phospholipid monolayers 
under similar experimental conditions. This large dif- 
ference probably reflects the immobilization of protein 
within the monolayer in our case rather than under the 
monolayer in the case of Ahlers et al. In a fully formed 
2-D network, since the stoichiometric ratio of protein to 
tetrabiotinylated porphyrin is 1:1, the expansion should 
have been -30 nm^ per TBPP-ODS complex.^s almost an 
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order of magnitude greater than that observed. This 
suggest that after 2 h of incubation, protein has been 
immobilized to little more than 10% of the monolayer area. 

The fluorescence micrographs provide a useful insight 
into the processes occurring both before and after protein 
immobilization. In Figure 6a it is seen that, at low surface 
pressure, the tetrabiotinylated porphyrin forms a 2-D foam 
on the subphase surface. 

A similar foamlike structure is seen in the fluorescence 
micrographs of streptavidin domains presented by Ahlers 
et al. (In their Figure 3(a) and (b) in ref 19 protein domains 
are seen embedded in the foam). They concluded that the 
dark, circular areas were the "monolayer gas-analogue 
state". Presumably, the foam was composed of biotinhpid 
made visible by immobilized protein. 

In the present case, when streptavidin molecules are 
added to the subphase, they attach to biotin moieties and 
rearrange spontaneously into the domains seen in Figure 
6b. The domains, however, are different in shape to those 
formed under the biotinlipids and evenually merge to form 
a uniform region of fluorescence. 

5. Conclusions 

The tetrabiotinylated ligand, 5,10,15,20-tetrakis{a- 
[4-(biotinylamidomethyl)pyridinium bromide] -p-tolyl}- 
porphyrin (TBPP), has been synthesized. The monolayer 
behavior of the pure salt, as well complexes formed with 
different mole fractions of sodium octadecyl sulfate (ODS), 
has been studied. The TBPP-ODS (1:4) complex formed 
a highly stable monolayer at the air- water interface. From 
the pressure- area isotherm, it was deduced that the 
porphyrin moieties lay flat on the water surface. The 
monolayer was transferred by vertical dipping onto a solid 
support but the high deposition ratio (--1.5) suggested 
that upon transfer, reorganization of the molecules 
occurred. An STM image of a deposited monolayer of 
TBPP-ODS (1:4) showed molecules arranged in rodlike 
stacks. 

At low surface pressures, it was shown by fluorescence 
microscopy that the TBPP-ODS (1:4) complex formed an 
interconnected network of porphyrin molecules, sur- 
rounding circular voids of different size, giving the 
"monolayer" the appearance of a two-dimensional foam. 

Addition of active steptavidin or active avidin to the 
subphase below an expanded TBPP-ODS monolayer 
caused an expansion of the pressure -area isotherm. The 
fluorescence micrographs showed that this was ac- 
companied by a m^or change in the structure of the 
monolayer from which it was deduced that the proteins 
had attached to biotin moieties in the monolayer and 
spontaneously rearranged into domains. Further work 
is in progress to determine the structure of these domains. 
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Abstract 

The specific interaction at the air-water interface between streptavidin and a monolayer of the tetrabiotinylated ligand 5,10,15,20-tclrakis 
{a-[4-(biotinylamidomethyl)pyridinium bromide ]-p-toIy I) porphyrin, stabilised by complexation with sodium octadecy! sulphate, is 
observed directly by surface pressure measurements and by fluorescence microscopy. Changes in the structure of the monolayer, especially 
the appearance of domains, after adding protein to the subphase confirm that the concomitant expansion of the pressure-area isotherm is 
caused by the specific adsorption of protein to biotin ligands in the monolayer. 

Keywords: Langmuir-Blodgett films; Monolayers; NanostrucCures 



The assembly of two-dimensional arrays of proteins is 
beginning to receive considerable interest [1,2] not only 
from the biological and chemical aspects, e.g. molecular rec- 
ognition, molecular separation and immunosensing, but also 
because such arrays could form templates for the assembly 
of molecular electronic circuits [3]. Ringsdorf and co-work- 
ers [4,5] have investigated the two-dimensional crystallisa- 
tion of streptavidin molecules on biotinlipid monolayers 
using fluorescence microscopy and have shown that the shape 
of the protein domains so- formed depend on the detailed 
structure of the lipid. Recently, Haas and Mohwald [6] using 
X-ray diffraction techniques have shown that despite the high 
positional order in such aggregates, the packing density is 
low because of the presence of associated water molecules. 
The same reason was suggested by Taylor etal. [71 to explain 
the greater molecular area estimated for avidin from pressure- 
area isotherms compared with X-ray crystallographic studies 
[8]. 

In the present communication, we report on the surface 
behaviour of a tetrabiotinylated porphyrin ligand which was 
specially synthesised in an attempt to form an interlinked 
two-dimensional protein array at the air-water interface, 
shown in idealised form in Fig. I. This approach to network 
formation was based on the well-known high affinity of strep- 
tavidin for its complementary ligand, biotin. The binding 

' Present address: Protein Array Project. ERATO. JRDC, Tsukuba, Japan. 
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Tetrameric protein Tetrafunctional ligand 

Fig. 1 . An ideal two-dimensional protein array in which a tetrafunctionaliscd 
ligand is used to bind tetrameric proteins. 

constant, 10'*^ leads to a protein-ligand interaction 

whose strength is matched only by systems involving 
liganded metal ions either as partial covalent bonds or che- 
lates. Steptavidin, a highly stable, robust protein which binds 
biotin almost irreversibly over a wide range of pH at room 
temperature, is, therefore, an ideal candidate for the formation 
of molecular networks. 

The ligand 5,10,15,20-tetrakis { a-[4-(biotinylam^dome- 
thyl)pyridinium bromide ]-p-tolyl} porphyrin (TBPP) is 
shown in Fig. 2. Details of the synthetic strategy have been 
given elsewhere [9] . Briefly, it was based on the substitution 
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Fig. 2. The tetrabioiinylated iigand TBPP synthesised in the present work. 



Surface pressure (mN/m) 




Area per molecule (nm ) 

Fig. 3. Piessure-area isotherms for (a) pure TBPP and for the TBPP-ODS 
(1:4) complex (b) before and (c) after addition of streptavidin to the 
subphase{r=20X). 

of p-bromo-methyl benzene units into the 5, 10, 15 and 20 
positions in the porphyrin, to which pyridiniunn units in the 
form of a pyridinium bromide salt were connected. Finally, 
biotin molecules were attached to the para position of the 
pyridene ring to maximise the distance between biotin moi- 
eties. A solution of the crude product in water was purified 
by Sephadex G- 15 gel chromatography. Evaporation of water 
from the elutant yielded the final product as fine purple crys- 
tals which showed excellent elemented analysis (Found 
(Cn2Hn2Br4N2o08S4): C (56,87%), H (5.30%), N 
(11.68%); Calculated: C (57.58%), H (5.62%), N 
( 1 1.99%) ) confirmed by *H NMR and fast atom bombard- 
ment analysis. 

Spreading solutions of TBBP were prepared by dissolving 
1 mg of the compound in I ml of ultrapure water then mixing 
30 of this stock solution with 0.4 ml of a 1:1 methanol/ 
chloroform solution. When spread at the air-water interface 
inasliding-barrierLangmuirtrough [10] monolayers of pure 



TBPP were unstable, displaying both a low collapse pressure 
( - 20 mN m ~ * ) and low areas per complex ( < 0.5 nm^) as 
can be seen in Fig. 3. While this may have been caused in 
part by tilting and stacking of the porphyrin units as suggested 
for tetraphenylporphyrin [ 1 1 ], we believe that the main rea- 
son here is the high water solubility of the TBPP salt. 

Stable monolayers could only be formed by complexing 
TBPP with sodium octadecyl sulphate (Fig. 4). This was 
achieved by mixing 20 p.1 of sodium octadecyl sulphate 
(ODS) (I gl"^ in a 2:8 methanol/chloroform mixture) with 
30 plI of the aqueous TBBP solution prior to final dilution in 
the 1:1 methanol/chloroform spreading solution. By replac- 
ing the Br" with the long-chain octadecyl sulphate (ODS) 
anion sufficient hydrophobicity was imparted to TBPP to 
overcome its water solubility, hence allowing stable iso- 
therms to be obtained. 

Fig. 3(b) is the pressure-area isotherm obtained at room 
temperature upon spreading the TBPP-ODS complex in 
which the mole ratio was 1 :4. While lower mole ratios of 
ODS also result in stable isotherms, the fully saturated com- 
plex ( Fig. 4) is the most stable and the most expanded. When 
compressed to 30 mN m " Uhe area of the 1 :4 complex, while 
decreasing by about 20% in the first 10-15 min, thereafter 
decreased by only 3% in the next 3 h. 

The collapse pressure rose to ^40 mN m"* after com- 
piexation with ODS and the area per complex at 35 mN m^ * 
was 2.6 nm^ close to our estimate of 2.6 to 3.2 nm^ based 
on a crude molecular model in which the tetrapyridyltetra- 
phenylporphyrin Hgand is assumed to lie flat on the water 
surface with the biotin moieties pointing down into the sub- 
phase. (Ruaudel-Teixier and Barraud [12] suggest an area 
per molecule of 2.2 nm^ for a tetrapyridylporphyrin quater- 
nised with C20 alkyl chains). 




Tetraphenyl porphyrin 
moiety 

J- 



Fig. 4. The TBPP-ODS (1:4) complex used in (he protein immobilisation 
experiments. 
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Fig. 5. Fluorescence micrographs of (a) an expanded monolayer of the 
TBPP-ODS (1:4) complex, (b) after addition of a second aliquot of the 
complex. (c> 2 h and (d) 3 h after injecting streptavidin into the subphase 
under an expanded monolayer such as that in (a). In alt cases the field of 
view is 80 mm across. T^20 "C. 



Addition of 10 ^jlI of streptavidin ( Vector Laboratories Ltd, 
Peterborough) in ultrapure water ( 10 mg ml" to the sub- 
phase ( ^ I I of 0.25 M NaCl to minimise non-specific elec- 
trostatic interaction) just below an expanded monolayer of 
the TBPP-ODS (1:4) complex and incubating for 2 h at 29 

produced a further expansion of the monolayer (Fig. 3). 
At low surface pressure, the expansion of the monolayer was 
approximately 3.0 nm^ per complex^ some six times greater 
than that observed by Ahlers et al. [5] for adsorption to a 
biotinlipid monolayer. In a fully formed two-dimensional 
network (Fig. 1 ) the mole ratio of protein to tetrabiotinylated 
ligand should be 1:1, from which an expansion > 30 nm^ per 
TBPP-ODS complex was expected [7]. Thus after 2 h of 
incubation, protein had apparently adsorbed to only 10% 
of the monolayer area. This may be because of the poor 
distribution and low diffusion rates of the protein in the sub- 
phase. Addition of streptavidin, previously inactivated by 
mixing with excess biotin, had little effect on the isotherm of 
TBPP-ODS [8] confirming the specific nature of the strep- 
tavidin/biotin interaction in Fig. 3. 

Fig. 5(a) is a fluorescence micrograph of an expanded 
monolayer of the TBPP-ODS ( 1 :4) complex. The image was 
obtained by optical excitation with a 100 W mercury lamp 
through a 400-480 nm band pass filter so as to excite the 
Soret band of the porphyrin ( '--415 nm). The resulting flu- 
orescence, viewed through a filter with a low wavelength cut- 
off of ^ 600 nm, was detected by a low-light-level camera 
(Hamamatsu C 2400-08-C), The monolayer is seen to be 
composed of a network of fluorescing porphyrin moieties 
surrounding dark, circular patches of varying si?.e. That the 



circular patches are devoid of material was confirmed by 
holding the area fixed and spreading a second aliquot of the 
complex on the surface whereupon the areas of fluorescence 
expanded but the circular patches contracted (Fig. 5(b) ). 

The effect of adding FITC-labelled streptavidin ( S A-500 1 . 
Vector Laboratories Ltd) to the subphase was dramatic. After 
2 h of incubation at 29 °C, the fluorescence micrograph in 
Fig' 5(c) was obtained by viewing through a filter with a low 
wavelength cut-off of -^500 nm. It is seen that the original 
network structure had been replaced by a domain- 1 ike struc- 
ture. After 3 h, these domains appear to fuse together to yield 
an almost uniform fluorescence from the surface ( Fig. 5(d)). 
When inactive streptavidin was injected into the subphase, 
the foam-like structure in Fig. 5(a) remained unchanged, 
confirming the specific nature of the strepiavidin/biotin inter- 
action in Fig. 5(c) and 5(d). 

In order to distinguish the contributions of the protein from 
the porphyrin in the above images a separate experiment was 
carried out in which sulphorhodamine-labelled streptavidin 
was injected into the subphase. In this case the monolayer 
was excited by light at ^ 550 nm and the emission observed 
through a narrow pass band filter with a centre wavelength 
of 625 nm. Little fluorescence from the rhodamine-labelled 
streptavidin was seen in the circular regions devoid of por- 
phyrin. As incubation proceeded identical behaviour to that 
in Fig. 5(a) and 5(c) was observed again confirming the 
specific nature of the interaction. 
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Iron-protoporphyrin IX, called "protoheme" or sim- 
ply "heme," plays a variety of roles as the active center in 
many proteins such as enzymes, oxygen carriers, and bi- 
ological sensors [1]. Thus detection and separation of 
heme-binding proteins are important for investigating 
these physiological functions. Also, in recent years, design 
and laboratory evolution of hemoproteins, in which se- 
lection of functional clones is an essential step, has been 
a major subject in the study of structure-function 
relationships [2-5]. Previously, hemin-agarose was syn- 
thesized and used for affinity chromatography of hemo- 
proteins [6]. However, the interference of agarose beads 
with spectroscopic measurements makes it difficult to 
detect the specific ligation of proteins to the heme. Fur- 
thermore, nonspecific interactions between the proteins 
and the agarose resin allow the experimental results to be 
ambiguous. Here, to avoid these problems, we have pre- 
pared biotinylated heme (Fig. 1) and investigated its usage 
for detection and purification of hemoproteins. Biotin is 
widely utilized for affinity selection, labeling, and isola- 
tion of proteins, DNA, carbohydrates, membranes, and 
cells, through its tight and specific binding to streptavidin, 
and a variety of streptavidin derivatives have been syn- 
thesized and are commercially available [7,8]. The puri- 
fication of native and artificial heme-binding proteins 
from recombinant cell extracts using biotinyl heme is 
demonstrated. 



drazide) were dissolved in anhydrous DMF' and DMSO 
at 4.4 and 50 mg/ml, respectively. Twenty microliters of 
the biotin hydrazide solution and 5.6 mg of DCC were 
added to 1 ml of the hemin solution. The reaction mix- 
ture was gently shaken and incubated in the dark for 3 h 
at room temperature. To conjugate only one of the two 
propionate groups of protoheme with biotin hydrazide, 
approximately 2.5 equivalent excess amounts of hemin 
were used for the reaction. Hemin and biotin hydrazide 
were purchased from Sigma and Vector Laboratories, 
respectively. 

The reaction mixture prepared as above was supple- 
mented with approximately 5% (v/v) pyridine and was 
applied onto a C18 reverse-phase preparative HPLC 
column, COSMOSIL SCIS-ARII (Nacalai Tesque). The 
biotinyl heme was eluted with a gradient of 40-60% 
acetonitrile in the presence of 0.1% TFA. The peak 
fraction containing the biotinyl heme was collected and 
immediately lyophilized in the dark. The sample was 
dissolved in a minimal volume of DMSO and stored at 
-80*'C, Analytical HPLC revealed that the purity of the 
sample was more than 95%. The correct identity of the 
purified molecule was verified by MALDI/TOFMS with 
a Reflex mass spectrometer (Bruker Daltonik, Ger- 
many) using 2,5-dihydroxybenzoic acid as the matrix in 
the refiectron positive mode. The molecule had a mass of 
969.4 Da, which corresponds to the calculated mass of 



Synthesis and purification of biotinyl heine 

Iron-protoporphyrin IX chloride (hemin) and A^- 
[5-(hydrazinocarboxy)pentyl]-D-biotinamide (biotin hy- 
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' Abbreviations used: DCC, dicyclohexylcarbodiimide; DMSO, 
dimethyl sulfoxide; DMF, M/Z-dimethyl formamide: HPLC, high- 
performance liquid chromatography: TFA, trifluoroacetic acid; IPTG, 
isopropyl l-thio-p-D-galactopyranostde; OOP, l-o-//-octyI-(J-D-gluco- 
pyranoside; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel 
electrophoresis; MALDl, matrix-assisted laser desorpiion ionization; 
TOFMS, time-of-flight mass spectrometry: UV-Vis, ultraviolet-visible 
light. 
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Fig. 1. Structure of biotinyl heme. Protoheme was biotinylated by 
conjugating one of the two propionate groups of the heme to biottn 
hydrazide with the 6-aminohexanoate spacer in carbodiimide coupling. 



the biotinyl heme (969.98 Da) in which one of the two 
propionate groups of protoheme was conjugated with 
biotin hydrazide (see Fig. 1); 0.6 mg of the biotinyl heme 
was obtained from the reaction mixture. The yields of 
the purified molecule were 21 and 8.5% for biotin hy- 
drazide and hemin, respectively. 



Reconstitution of myoglobin with biotinyl heme 

Apomyoglobin was prepared from horse heart met- 
myoglobin using the methyl ethyl ketone extraction 
method described by Ascoli et al. [9]. The heme-removed 
apoprotein was dialyzed against TN buffer containing 
10 mM Tris-HCl (pH 8.0) and 200 mM NaCl at 4**C. 
After removal of the insoluble fractions by centrifuga- 
tion, the supernatant was concentrated to 1-2 mM using 
Centriprep-3 (Amicon). Reconstitution of myoglobin 
with the biotinyl heme was performed by addition of the 
biotin-heme solution containing 20% pyridine into the 
apomyoglobin solution in increments of 0.1-0.2 equiv- 
alents to a small excess of the protein. This mixture was 
incubated for more than 30min at 4°C and was cen- 
trifuged at 20,000g for BOmin. The reconstituted myo- 
globin was collected in the supernatant and maintained 
significant stability similar to that of natural metmyo- 
globin as judged by measurements of the UV-Vis ab- 
sorption spectrum (see below). Residual DMSO 
and pyridine was removed from the heme-protein 
solution using a Sephadex-G25 desalting column, PD-10 
(Amersham Biosciences), 

The reconstituted biotin-heme myoglobin exhibited 
an absorption spectrum identical to that of metmyo- 
globin as shown in Fig. 2A. The ferric form was reduced 
into the ferrous deoxy form by addition of Na2S204 
under anaerobic conditions (solid line in Fig. 2B). Weak 
flow of air or carbon monoxide gas to the solution 
converted it to the ferrous oxy or CO-bound forms 
(dotted and broken lines in Fig. 2B). These absorption 
spectra are indistinguishable from those of native myo- 
globins [10]. It is noticeable that the biotin-heme myo- 
globin maintained stable 02-binding ability or the 
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Fig, 2. Absorption spectra of myoglobin reconstituted with the biotinyl 
heme. The reconstituted myoglobin with the biotinyl heme was diluted 
with TN buffer to 10-20 )iM and the absorption spectra were recorded 
with a Hitachi U-3000 spectrophotometer using a quartz cuvette of 
1. 0cm in path length. Solid and broken lines in A indicate the spectra 
of the ferric forms of the reconstituted myoglobin and the free biotinyl 
heme, respectively. Solid, dotted, and broken lines in B indicate the 
spectra of ferrous deoxy, ferrous oxy, and ferrous CO-bound forms. 
These spectra of myoglobin with the biotinyl heme are indistinguish- 
able from those of the authentic myoglobins. The ferrous deoxy, oxy, 
and CO forms were prepared from the ferric form for the spectroscopic 
measurements according to [10]. 



biological function. These results suggest that the biot- 
inyl heme is incorporated in the heme pocket of myo- 
globin in a manner similar to that of normal protoheme 
in myoglobin. 



Purification of recombinant apohemoproteins from cell 
extracts 

Synthetic genes encoding sperm whale myoglobin 
[11], designed globin-1 (DGl) [12], and designed four- 
helix-bundle hemoprotein (dAl) were cloned into a 
pRSET-C vector (Invitrogen), The amino acid sequence 
of dAl, ML'KKLREEA LKLLEEF-KKLLEEH L 
KWLEGGGGGGGGELLKL HEELLKK FEELL 
KL • AEERLKK • L, was designed to form a four-helix 
bundle in the dimer and to bind one heme per monomer 
via bis-His ligation between the two helices [13]. These 
hemoprotein-coding vectors were transformed into 
Escherichia coii strain BL21 (DE3) and expressed in 
Terrific Broth medium supplemented with lOOmg/L 
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ampicillin under the control of T7 promoter using 
IPTG. Cells were harvested by centrifugation and were 
washed with 10 mM Tris-HCl (pH 8.0) and 1 mM 
EDTA. The resultant pellets were suspended in a lysis 
buffer containing 6 M urea, 0.5 M NaCl, 1 mM EDTA, 
and 0.1% OGP and were lysed by sonication. After re- 
moval of the insoluble fractions by centrifugation, the 
supernatants were collected and dialyzed against TN 
buffer. During these procedures, almost all the heme 
associated with proteins in the cell extracts was removed 
and the proteins were refolded. After removal of the 
insoluble fractions by centrifugation, the proteins were 
concentrated to an appropriate concentration using 
Centriprep-3 (Amicon). The cell extracts obtained as 
above were used as the starting materials, from which 
the recombinant apohemoproteins were purified using 
the biotinyl heme. 

The biotinyl heme was added to the cell extracts 
prepared as above in small increments to 10-40|iM and 
was incubated at 4**C for more than 30min. The ex- 
tracts (0.2 ml) obtained from 10 ml of the cultures, which 
contained the recombinant apohemoproteins at 20- 
60 jiM were used. The addition of the biotinyl heme into 
the cell extracts induced the intense Soret absorbance 
bands characteristic of the bound heme in these proteins 
(not shown), indicating that it was effectively incorpo- 
rated into the proteins even in the dense mixtures of 
biological molecules. After removal of the insoluble 
materials by centrifugation, the solutions were trans- 
ferred into a sample tube containing streptavidin mag- 
netic beads (MagnaBind streptavidin beads, Pierce) 
prewashed with a washing buffer containing 20 mM 
Tris-HCl (pH 8.0), 500 mM NaCl, and 0.5% (v/v) 
Tween 20. The resultant protein-biotin-heme-strepta- 
vidin complexes were collected using a magnet. The 
pellets were washed five-times with the washing buffer 
and incubated with 10 M imidazole (pH 8.0) to elute the 
bound proteins. After the removal of the magnetic 
beads, the solutions were desalted and lyophilized. The 
lyophilized samples were dissolved in a small amount of 
TN buffer and analyzed by SDS-PAGE (Fig. 3). The 
apohemoproteins were purified without significant con- 
tamination by other proteins, with 5-10% recovery 
against the original protein contents in the cell extracts. 

The proteins were also eluted by the addition of either 
acids or denaturants such as guanidine hydrochloride. 
However, in these cases, denatured streptavidin subunits 
that are not conjugated to the beads and biotinyl heme 
were coeluted with the heme proteins. The heme pro- 
teins were also purified using streptavidin agarose for 
the magnetic beads. However, the use of the agarose 
increased contamination due to nonspecific interactions 
of proteins with agarose (data not shown). 

In the present study, heme was biotinylated by con- 
jugating a propionate group of the heme to biotin hy- 
drazide. The biotinyl heme was eflficiently incorporated 



kDa 
94 
67 
43 

30 

20,1 
14.4 



Fig. 3. SDS-PAGE profiles showing the purification of recombinant 
hemoproteins by the biotinyl heme. Lanes 2 and 3 are the cell extract 
and the purified fraction of myoglobin, respectively. Lanes 4 and 5 are 
the cell extract and the purified fraction of designed four-helix bundle 
hemoprotein (dAI), respectively. Lanes 6 and 7 are the cell extract and 
the purified fraction of designed globin-1 (DGl), respectively. Lane 1 is 
the molecular size marker: phosphorylase b (94.0 kDa), albumin 
(67.0 kDa). ovalbumin (43.0 kDa), carbonic anhydrase (30.0 kDa), 
tr>'psin inhibitor (20.1 kDa), and oe-lactalbumin (14.4 kDa). The elec- 
trophoresis was carried out with 15% (w/v) polyacrylamide gel (I4J. 



into native and artificial apohemoproteins and can be 
recovered in the form of a reconstituted heme protein 
with a variety of biochemical and immunochemical 
methods using streptavidin derivatives. In contrast to 
hemin-agarose, the biotinyl heme is saved from non- 
specific interactions of proteins with the agarose resin. 
Furthermore, the specific binding with hemoproteins 
can be spectroscopically monitored. Thus the biotinyl 
heme is useful for detection, purification, and panning of 
heme-binding proteins from biological materials. 
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